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ABSTRACT 
  
 In order to preserve its genomic integrity, an organism needs to detect and repair 
DNA double-strand breaks (DSBs) in a prompt and accurate fashion. This goal is 
accomplished by enabling an exquisitely sensitive DSB sensing apparatus as well as 
multiple and often overlapping pathways for repair. All of these processes are carried out 
on a highly organized and compacted chromatin substrate in the nucleus. An important 
question is whether chromatin plays an active role in the process and whether it helps in 
the signaling or repair of this damage. We have used Chromosome Conformation Capture 
(3C) to show that there are no large scale changes in chromosome structure at a single 
site-specific DNA double-strand break, although looping interactions between DSBs and 
donors can be detected.  
 In a surprising result, we found that 3C detected a nucleus-wide decrease in 
interactions with the DSB. We have used a combination of 3C, fluorescence microscopy 
and chromatin immunoprecipitation to show that the decrease in interactions is a result of 
the relocalization of persistent DSB to the nuclear periphery. We also show that this is 
dependent on the recruitment of telomerase complex to the DSB, which then interacts 
with its natural partner in the Inner nuclear membrane, Mps3, and relocalizes the DSB to 
the periphery. Thus, a DSB that cannot be repaired is shunted into a pathway where the 
cell attempts to survive by putting a de novo telomere on the broken chromosome.  
 Remarkably, this is not an irreversible phenomenon despite the recruitment of 
telomerase and the relocalization to the periphery. DSBs which are repaired slowly due to 
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the presence of homology on a different chromosome, or merely usage of a kinetically 
slower form of repair, undergo this pathway switch, but can still recover and repair the 
DSB if homology is present. We also show that the role of the periphery is to ensure 
repair through de novo telomere formation or other non-canonical repair pathways. 
Indeed, loss of peripheral localization results in a dramatic suppression of the genomic 
instability of the Slx5/8 mutants, which have been implicated in the persistent DSB 
response at the Nuclear pores.  
 Thus, the nuclear periphery is a special compartment where DSBs go after they 
cannot be repaired by canonical pathways. Specialized components such as telomerase, 
silencing proteins and components of the SUMO pathway, all seem to play roles in the 
healing of these chromosomes. Importantly, the SUN domain homologues of Mps3 have 
been shown to play roles similar to their yeast homologues in meiotic bouquet formation 
through their interactions with telomeres. Thus, they may represent a conserved 
mechanism for chromosome healing and telomere anchoring, despite the fact that 
mammalian telomeres are rarely found at the nuclear periphery. Such survival 
mechanisms may be expected to operate in cancer cells which may or may not have 
upregulated telomerase expression. 
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 In order to be able to accommodate the vast amount of genetic material (DNA) 
present in any cell nucleus, it is essential that the DNA achieve a very high level of 
compaction. This is mainly achieved by the packaging of the DNA into chromatin – a 
stable mix of nucleic acid and histone proteins. Decades of investigations into the nature 
of chromatin have revealed much about the structure and composition of chromatin. The 
basic unit of chromatin is a nucleosome. A nucleosome consists of an octamer of histone 
proteins - with two copies each of histones H2A, H2B, H3 and H4 (Kornberg and 
Thomas 1974; Thomas and Kornberg 1975) - around which ~147 bp of double-stranded 
DNA is wound in 1¾ turns (Luger et al. 1997)(Figure 1-1). A fifth class of histone, 
histone H1 (linker histone), is also associated with nucleosomes and is thought to 
stabilize histone-DNA interactions by interacting with linker DNA (DNA between 
adjacent nucleosomes) (Kornberg and Thomas 1974). While the level of compaction 
achieved in this manner is impressive, what is much more remarkable is the dynamic 
nature of the resulting chromatin substrate. Access to DNA sequences is required for 
many nuclear activities including transcription, replication and damage repair and is 
believed to be regulated among other things by the compaction of the chromatin fiber. 
Cytological studies indicate that highly folded chromatin fibers (~200 nm) predominate 
in bulk chromatin even in the interphase nucleus - a time period where the DNA needs to 
be accessible to a variety of factors. 
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Front View 
Top View 
H2A – N ter H2A – C ter H2B   H3  H4  DNA 
 
Figure 1-1: Nucleosome structure. The N-terminal tails as well as the C-terminal tail of Histone 
H2A are labeled as shown. Remainder of the histones are rendered in grey. (Rendered using 
Pymol, (Luger et al. 1997)) 
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Nucleosome Structure 
 When nucleosomes are arranged on dsDNA in solution without further 
compaction they form what is commonly referred to as a ‘beads on a string’ structure 
(referring to their appearance by electron microscopy)(Olins and Olins 1974; Thoma and 
Koller 1977; Thoma et al. 1979). This fiber has a thickness of 10-12 nm. However, very 
few regions in the cell nucleus are ever seen in such a conformation. The more common 
conformation of the chromatin fiber that has been seen in the nucleus is the 30nm 
chromatin fiber (Thoma et al. 1979). The structure of the 30nm fiber was the focus of 
intense research in the late 1970s and early 1980s. Scientists used electron microscopy 
(EM) to look at how chromatin is arranged in the cell nucleus as well as in solution. Early 
EM studies suggested that nucleofilaments (~40mer nucleosomal arrays containing linker 
histone H1) isolated from rat liver nuclei might be organized into a superhelical structure, 
or solenoid structure (Finch and Klug 1976). Other groups found that the addition of 
linker histones into nucleosomal arrays creates zigzag repeating pattern in the arrays seen 
in chromatin fibers purified from chicken erythrocytes (Thoma et al. 1979; Woodcock et 
al. 1984). This has led to two major models for folding of nucleosomes into the 30nm 
fiber which are still being investigated to determine exactly how chromatin folds in vivo 
(Dorigo et al. 2004; Robinson et al. 2006; Tremethick 2007).  
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Chromosome (Nuclear) Structure 
 Around the same time that the model of chromatin was being built up from the 
blocks, other scientists were deconstructing the chromosomes using light microscopy to 
determine the structure of the interphase chromatin fiber. Since it was impossible to 
really look at interphase chromatin by light microscopy, most of the inferences were 
made from metaphase cells and then extended to interphase chromatin. The original 
observation for nuclear organization came much earlier from Rabl who was looking at 
plant nuclei in the late 1800s (Rabl 1885). What is now well known as the Rabl 
configuration of chromosome arrangement consists of all of the centromeres arranged at 
one end of the nucleus with all the telomeres at the other end. This concept was further 
extended by Bovari who was also the first to propose the existence of chromosome 
territories (CTs) (Boveri 1888; Boveri 1909). A long hiatus followed as technology had 
to catch up with the revolutionary thoughts of these pioneers. Indeed, the chromosome 
territories were forgotten until the 1980s (Cremer and Cremer 2006) when in a series of 
experiments Thomas Cremer et al. micro irradiated Chinese Hamster nuclei with a UV 
laser and visualized the sites of damage at the following metaphase by BrdU labeling 
(Cremer et al. 1982). Instead of scattered damage, the authors found discrete foci of 
damage in only a few chromosomes indicating that chromatin must be highly 
compartmentalized in the nucleus. However, definitive proof for the existence of 
chromosome territories came with the development of FISH and whole chromosome 
painting technologies (Cremer et al. 1988; Lichter et al. 1988). These were used to show 
that indeed chromosomes seem to be confined to a specific region within the nucleus and 
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do not show much intermingling. Since then research has been mainly focused into 
developing models that explain the functional significance of such an arrangement.  
 Models originally proposed by Lichter in 1993 and Sachs in 1995 have morphed 
into two major competing models (See (Cremer et al. 2006) for review). The CT-IC 
model consists of Chromosome territories which are separated by a less dense Inter-
chromatin compartment (IC). The IC extends like a network from the nuclear pores and 
which contains little or no chromatin and supports most of the processes which take place 
on chromatin (Zirbel et al. 1993). The CTs have morphed into sponge-like structures 
which have significant in-foldings and channels within them to allow DNA based 
processes to occur within the CTs. This model is supported by findings that show 
transcription can occur deep within chromosome territories without large scale 
movements or changes of conformation. 
 The competing CT - Giant Loop (GL) model has two notable differences (Sachs 
et al. 1995). Firstly, it proposes a different method of folding of the chromatin to form the 
CTs and secondly, it suggests that the loops of chromatin need to move out of the 
chromatin domain in order to be transcribed. This model has received tremendous 
support from findings that regions of the CT do seem to expand and relocate when 
transcription is initiated. For instance, Sheer and collegues showed that a gene dense 
region from the MHC looped out with significantly higher frequency after interferon 
stimulation, while a nearby region did not (Volpi et al. 2000). Similar experiments were 
conducted for the gene dense regions of chromosome 11 (Mahy et al. 2002; Gilbert et al. 
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2004) as well as the HoxB cluster during mouse embryonic development (Chambeyron 
and Bickmore 2004; Chambeyron et al. 2005).  
 
Functional Domains in the Nucleus 
 Domains are defined as functionally different regions of the nucleus. In contrast 
to the structurally well-defined CTs, these may not be well-demarcated. With a move 
towards a more functional model of nuclear organization, it has been proposed that the 
CTs can form domains in themselves and these domains are arranged within the nucleus 
in a manner which correlates with increasing transcription as you move from the 
periphery to the interior of the nucleus (Caron et al. 2001; Gilbert et al. 2004; Gierman et 
al. 2007). These domains may be separate functional landscapes within the nucleus and 
may indeed have different kinds of chromatin organization within themselves. There are 
several ‘nuclear matrix’ factors which have been proposed to either hold certain regions 
together in transcription factories - eg, SATB1; (Yasui et al. 2002; Galande et al. 2007) or 
separate domains from each other - eg, CTCF or Lamins (Fu et al. 2008; Guelen et al. 
2008; Williams and Flavell 2008; Cuddapah et al. 2009). Indeed with recent innovations 
like ChIP-CHIP or ChIP-Seq it has become relatively easy to quantify the binding sites of 
these factors on a genomic scale (Guelen et al. 2008). While this provides insights into 
nuclear structure-function, it has not proven an easy task to correlate findings from these 
studies with vast amounts of data previously generated from imaging and expression 
studies of these regions.   
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 There has been a movement in recent times to unify these observations and come 
up with a single ‘functional’ model for chromosome architecture rather than an 
‘observational’ model.  This is evidenced by current studies on ‘replication factories’ 
(Cook 2002) and ‘transcription factories’ (Fraser 2006) and on interchromosomal 
interactions (see discussion for the IC-GL model above) which have revealed much more 
mingling among chromosome territories than was initially assumed from ultrastructural 
studies (Aten and Kanaar 2006; Soutoglou and Misteli 2007). This has been further 
emphasized by the advent of newer molecular techniques like 3C (Dekker et al. 2002) 
and its successors – 4C (Zhao et al. 2006) and 5C (Dostie et al. 2006) as well as RNA-
TRAP (tagging and recovery of associated proteins)(Carter et al. 2002). Thus, the current 
leaning is towards a ‘self-organizing’ higher order structure which is functionally 
relevant and may be dynamically formed as a result of the processes taking place on the 
DNA rather than a stiff nuclear matrix like structure which constrains cellular processes 
(Misteli 2007; Misteli 2008). However, it is not clear if all the observations such as the 
anchoring of various CTs to regions of the nuclear envelope (Visser et al. 2000) as well 
as movement constraints on the chromosomes can be discounted just yet.  
 A prime example of a functional domain structure in the nucleus is the existence 
of localized sub-nuclear regions such as the nucleolus. The nucleolus is sequestered from 
the rest of the genome in a functional manner because the DNA (repeats of rRNA genes) 
is transcribed by PolI. Indeed, PolI transcription is required for the formation of the 
discreet sub-nuclear domain. Paradoxically, the transcription of the rDNA itself is not 
affected by the loss of the discreet domain [see (Taddei et al. 2004) for review]. Thus, 
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while it may be a prime example of how activity can control architecture, what is lacking 
is genetic evidence that disruption of spatial positioning ablates native function. 
 
Nuclear Organization in Yeast 
 Despite the presence of a very well defined nucleolar subdomain, the presence of 
chromosomal territories in yeast has been hotly contested. While chromosome territories 
were identified in mammalian cells in the late 80s, the light microscopic techniques 
available at the time were unable to resolve the structure of the much smaller yeast 
nuclei. Dynamics within the yeast nucleus were first studied using molecular techniques 
and, unsurprisingly, given the much smaller size of the yeast nucleus (~1000X smaller in 
volume), showed that there was too much intermingling among chromosomes leading to 
high rates of Interchromosomal translocations. This observation led the authors to 
propose that yeast do not have chromosome territoriality (Haber and Leung 1996). 
However, it is not clear if the repair was somehow influenced by the fact that inter-
chromosomal repair could have been mediated by homologous recombination (HR) in the 
presence of extensive homology between plasmid sequences which were used to insert 
the HO-cs sites into different chromosomes. Intra-chromosomal repair was accomplished 
by Single-strand annealing (SSA), a type of HR, which requires extensive resection and 
may take a long time to complete. Indeed these results differ from previous results using 
similar techniques in both haploid and diploid yeast mitotic cells (Lichten and Haber 
1989). 
10 
 
 With the advent of newer microscopic techniques and the ability to visualize 
single gene loci in yeast using LacI-GFP (Belmont and Straight 1998), strides have been 
made towards direct evidence on the presence or absence of yeast chromosome 
territoriality. Pioneering work by the Gasser lab in particular has shown that at least the 
yeast centromeres and telomeres seem to occupy non-random locales in the nucleus 
(Gotta et al. 1996; Maillet et al. 1996; Taddei et al. 2004; Bystricky et al. 2005). Indeed, 
recent evidence suggests that statistically significant localization of specific genes can be 
achieved in yeast if a large enough sample size is used (Berger et al. 2008) – thus paving 
the way to the fanciful “Zipcode for the Nucleus”.  The yeast nucleus is a 1000X smaller 
and has to accommodate a genome that is 250X smaller than the human genome (12Mbp 
vs. 3,000Mbp). It is also well established that the compaction level of chromatin achieved 
in the yeast nucleus is well below that in the mammalian nucleus (Dekker et al. 2002; 
Ostashevsky 2002; Bystricky et al. 2004). Thus, the chromatin in the yeast nucleus is 
probably much less constrained than in its mammalian counterpart. As a corollary, the 
Gasser lab has shown that the absolute size of movement of an active gene locus in the 
yeast nucleus is similar to those in the mammalian nuclei (0.5-0.7 m radius), but in 
terms of relative volume sampled by specific genes, it becomes much larger (Akhtar and 
Gasser 2007). Conversely, yeast cells do have constraints on the telomeric, centromeric 
as well as the nucleolar loci - hinting towards the presence of a substantial nuclear sub-
structure.  
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Telomeres and heterochromatin domains 
  The term ‘heterochromatin’ was first coined 80 years ago by Heitz to distinguish 
it from ‘euchromatin’ which undergoes cycles of condensation and de-condensation 
during the cell-cycle in mould as well as Drosophila polytene chromosomes (Heitz 
1928). In general heterochromatin is packed more densely within the nucleus and it is not 
susceptible to decondensation during the cell-cycle. The presence and function of 
heterochromatin was the first evidence for the involvement of chromatin organization in 
gene function (Hans Mueller, 1930). The heterochromatin domain is characterized by the 
presence of predominantly repetitive DNA sequences, low gene density, late S phase 
replication timing, frequent position effect variegation, regular nucleosome spacing, less 
accessibility to nucleases, loss of hyper-sensitive sites and hypoacetylation of histones. In 
addition, methylation of histone H3 at position K9 and enrichment for HP1 are also 
hallmarks of heterochromatin, conserved from fission yeast to mammals [see (Dillon 
2004) for review]. 
  Regions of heterochromatin include the telomeres and centromeres as well as 
silenced regions throughout the nucleus. Most heterochromatin is located at the nuclear 
periphery and has been proposed to be anchored to the periphery with both its location 
and anchoring helping to reinforce its condensation and silencing (Visser et al. 2000; 
Misteli 2008). Indeed, it has been suggested that the silencing of this heterochromatin, 
which is achieved in budding yeast via limiting amounts of Sir proteins, is strongest at the 
nuclear periphery where the Sir proteins are concentrated (Gotta et al. 1996; Maillet et al. 
1996). 
12 
 
 
 
Figure 1-2:  Schematic depiction of the nuclear periphery as a reservoir for silencing 
factors and heterochromatin. 
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On the other hand, this rule for the distribution of chromatin has several exceptions, most 
notably the presence of and translocation of highly transcribed chromatin regions to the 
vicinity of nuclear pores (Taddei et al. 2006; Akhtar and Gasser 2007; Brown and Silver 
2007), it is generally accepted that the presence of densely packed chromatin at the 
nuclear periphery makes this a unique place for most nuclear processes and indeed may 
possess special attributes and characteristics.   
 One of these characteristics is the presence of telomeres at the nuclear periphery. 
Telomeres are specialized heterochromatinized structures which form the ends of the 
linear chromosomes of eukaryotes. They are proposed to have evolved to allow the cell to 
get around the end-replication problem of linear DNA strands as was first anticipated by 
James Watson (Watson 1972; Olovnikov 1973). Besides being elegant solutions to the 
end-replication problem, they also have been proposed to play roles in the control of 
ageing as famously proposed by Hayflick (Hayflick 1965) and have also been implicated 
as a requirement for malignant transformation through the upregulation of telomerase in 
cancer cells (Lin and Elledge 2003). In budding yeast, the telomeres are clustered into 6-8 
foci and localized to the nuclear periphery as shown by the presence of Rap1 foci (Klein 
et al. 1992; Palladino et al. 1993; Gotta et al. 1996). Indeed RAP1 was among the very 
first yeast proteins to be ’immunolocalized’ by Susan Gasser’s group in 1992 using 
meiotic chromosomal spreads. This is similar to association of telomeres with the nuclear 
envelope seen in other organisms including trypanosomes and Plasmodia (Taddei et al. 
2004). Mammalian telomeres on the other hand seem to be randomly positioned 
throughout the nucleus during the cell-cycle but in some manner anchored or associated 
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with the nuclear ultrastructure or matrix ensuring that they do not move outside their CT 
(Billia and de Boni 1991; de Lange 1992; Vourc'h et al. 1993; Luderus et al. 1996; 
Ermler et al. 2004). Meiotic cells on the other hand form well-defined chromosomal 
bouquets with telomeres transiently localized in a single focus (Scherthan 2007; de La 
Roche Saint-Andre 2008). 
  
Mechanisms of telomeric silencing – heterochromatin formation 
 While telomeres are silenced in most eukaryotes, the mechanism in which this 
silencing is achieved is very different. All telomeres end with some variation of the TG 
repeats (with notable exceptions like Drosophila (Cenci et al. 2005)) the last few of 
which are single-stranded (Pryde et al. 1997). In fission yeast, the telomeric repeats are 
bound by the Myb-domain DNA binding protein Taz1 which recruits Rap1 and Rif1. The 
subtelomeric region also contains the heterochromatin factors Swi6, Clr4 and Rik1, 
which are also present in the heterochromatin at the centromeres and the mating-type 
loci. Clr4 methylates the histone H4 at Lysine9 – a modification which leads to the 
recruitment of HP1 homologue Swi6 through its chromodomain. The fission yeast RNAi 
machinery is required for the epigenetic silencing at centromeres and mating type loci, 
being linked to H3 K9 methylation and Swi6 binding (Hall et al. 2002; Volpe et al. 2002; 
Hall et al. 2003). Intriguingly, while disruption of the RNAi machinery leads to a loss of 
H3 K9 methylation, Swi6 mislocalization and reduced telomere clustering, it does not 
disrupt the silencing at telomeres as observed by TPE. This correlates with the retained 
perinuclear localization of the telomeres (Hall et al. 2003). 
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 Conversely, budding yeast lacks HP1, H3-K9 methylation and the RNAi 
machinery which is replaced with the Sir2-3-4 complex for the formation of silent 
chromatin (Hecht et al. 1995). At telomeres the Sir proteins are recruited by interactions 
with the Rap1 C-terminus, which, like Taz1, is a Myb-domain containing repeat binding 
factor. The Ku70/80 heterodimer which also binds to telomeres may play a role in this 
recruitment (Boulton and Jackson 1998). Once recruited via Sir4, the NAD dependent 
histone deacetylase activity of Sir2 and the histone tail binding activity of Sir3 ensure the 
spreading and reinforcement of silencing at telomeres (Grunstein 1997). The Sir proteins 
are present in limiting quantities in the nucleus and are sequestered at the telomeres, 
leading to the formation of a ‘domain’ that helps in silencing (Gotta et al. 1996; Maillet et 
al. 1996). Indeed, a non-silent telomere can be localized to the nuclear envelope (NE) 
through interactions with Ku and has a much better chance of becoming silenced in that 
location (Andrulis et al. 1998). However, in accordance with the lack of consistent 
peripheralization of telomeres in mammalian cells, a gene anchored to the NE may or 
may not become silenced (Kumaran and Spector 2008; Reddy et al. 2008) emphasizing 
that things are more complicated in higher eukaryotes. 
 Functionally, telomeres as well as other heterochromatic loci – such as in the 
nucleolus – show low levels of recombination despite the presence of repetitive elements. 
This phenomenon has been proposed to be a by-product of silencing, suggesting that the 
presence of silencing proteins such as HP1 or the Sir complex causes exclusion of 
recombination proteins from the DNA as well as making the heterochromatin less 
susceptible to damage by stable binding. In addition repeat stability seems to be 
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controlled by multiple mechanisms which include suppressing homologous 
recombination, controlling the three-dimensional organization of damaged repeats to 
reduce the probability of aberrant recombination, and promoting the use of less 
problematic repair pathways (Peng and Karpen 2008). New studies from the Rothstein as 
well as the Mozad lab suggest that at least as far as the nucleolus is concerned, this may 
be an active process of exclusion of recombination factors based on SUMOylation, the 
Smc5/6 complex and chromatin linked inner-membrane proteins (CLIPs)(Torres-Rosell 
et al. 2007; Mekhail et al. 2008). 
 
DNA Double-strand break formation and repair 
 DNA double-strand breaks (DSBs) are formed in the genome as a result of 
spontaneous damage or damage induced by external processes. Every yeast cell has to 
deal with ~1 DSB/4 cell cycles, which translates to ~50/cell cycle for a mammalian cell 
due to its vastly larger size (Vilenchik and Knudson 2003). Since even a single 
unrepaired DSB can lead to death or worse outcomes such as malignancy (Downs 2007), 
it is imperative that the cell develop a very efficient and sophisticated mechanism to 
detect and repair every single DSB (Misteli and Soutoglou 2009). 
 Repair of DSBs is carried out by two major mechanisms – Non-homologous End 
Joining (NHEJ) and Homologous Recombination (HR) (Paques and Haber 1999). The 
latter uses homology present within the cell nucleus to repair the DSB without any 
resultant errors or mutations. By definition, in a haploid yeast cell, it has to occur during 
the late S and G2/M phases of the cell-cycle when homology is present in the form of 
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replicated sister chromatids. However, not being satisfied with leaving it to chance, the 
yeast cell has added another layer of control to prevent the processing of breaks and 
repair using HR in the G1 phase of the cell-cycle. This control is achieved through the 
cell-cycle regulated kinase CDK1 whose activity is essential for resection and ssDNA 
formation – an essential substrate for HR (Aylon et al. 2004; Ira et al. 2004). In contrast, 
despite being diploid, most mammalian cells prefer to use NHEJ which has the 
disadvantage of being error-prone and can even lead to chromosomal translocations 
(Dudásová et al. 2004; van Gent and van der Burg 2007). Another pathway of 
chromosome healing that has recently received attention is through the loss of 
chromosomal sequences distal to the DSB by formation of a de novo telomere 
(Pennaneach et al. 2006). This is also deleterious to the cell as it results in the loss of 
genetic information distal to the break and hence is not a preferred pathway. 
 Much research has focused on determination of the genetic requirements of each 
pathway, and with newer chromatin immunoprecipitation and fluorescence microscopic 
localization techniques becoming available, on the order of recruitment and the exact 
function of each of its components. These assays have lead to the characterization of 
various DSB sensors, mediators and downstream effectors of repair. These functions 
have been further substantiated by structural and in vitro studies which have defined end-
binding activities of proteins such as the Ku70/80 heterodimer, the Rad52 protein and the 
MRX complex (Mre11, Rad50 and Xrs2/Nbs1; MRN in mammals) which are all 
recruited independently to the DSB (Blier et al. 1993; Dyck et al. 1999; Walker et al. 
2001; Ristic et al. 2003; Williams et al. 2007b). Moreover, the PIKK (phosphoinositide-
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3-kinase-related protein kinase) family members – ATM, ATR and DNA-PKcs (Ataxia 
Telegenctasia Mutated, AT and Rad3-related and DNA dependent Protein Kinase) all 
have the ability to bind DNA ends and get activated to further activate downstream 
checkpoint responses (Smith et al. 1999; Falck et al. 2005; Lee and Paull 2007). The 
yeast homologues are Mec1 (ATR) and Tel1 (ATM) and while they are activated in a 
manner similar to their mammalian counterparts, Mec1 is the predominant kinase at 
DSBs in yeast (Harrison and Haber 2006). These checkpoint responses are a means to 
slow down replication and prevent the cells from going into mitosis with a DSB and/or 
unreplicated DNA and include a variety of effector molecules, most of which are 
phosphorylated by the kinases (Harrison and Haber 2006; Cimprich and Cortez 2008). In 
multicellular organisms, these checkpoints can act downstream and prevent progression 
to genomic instability and cancer as a result of DNA damage and chromosomal 
translocations (Bartkova et al. 2005; Bartek et al. 2007; Lee and Paull 2007). 
 Prime among the molecules known as the 'DSB sensors’ is the MRX complex 
which is required for proper end-processing to prepare the break for HR by recruiting 
various resection nucleases such as Sae2, Exo1 and Dna2 which in concert with the Sgs1 
helicase carry out resection in a 5’ -> 3’ direction (Sartori et al. 2007; Gravel et al. 2008; 
Huertas et al. 2008; Zhu et al. 2008) and also to hold the ends of the DSB together (Kaye 
et al. 2004; Lobachev et al. 2004; Williams et al. 2008). MRX is recruited to a break 
regardless of the cell-cycle stage, but its resection role is controlled by CDK1 (Ira et al. 
2004). It has also been shown to be necessary for the activation of ATM in vitro and in 
vivo (Lee and Paull 2007). Similarly, the Ku70/80 heterodimer, which is an end-binding 
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protein, is also recruited to a DSB throughout the cell-cycle and opposes end-processing 
(Clerici et al. 2008; Wu et al. 2008). Ku70/80 is required for the end-joining arm of DSB 
repair along with Dnl4 (DNA Ligase IV) and Lif1 (Xrcc4 in mammalian cells)(van Gent 
and van der Burg 2007) and also helps in holding the two ends of the break together 
(Soutoglou et al. 2007).  
 HR in S. cerevisiae is mediated by the proteins encoded by the RAD52 epistasis 
group of genes – RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, MRE11 and 
XRS2 (Krogh and Symington 2004). The process of HR is highly conserved from yeast to 
humans and consists of loading of Rad51 on RPA coated ssDNA by Rad52 with help 
from Rad55,57 (San Filippo et al. 2008). Rad54 is an ATP dependent chromatin 
remodeling enzyme which plays roles in the stabilization of the Rad51 presynaptic 
filament and in later steps of strand invasion (Sugawara et al. 2003; Wolner et al. 2003; 
Wolner and Peterson 2005). Besides RAD51, mammalian cells have five Rad51 
paralogues whose functions are not entirely clear but which may influence the assembly 
and/or maintenance of the Rad51 presynaptic filament (San Filippo et al. 2008). The 
Rad51 nucleoprotein filament conducts homology search (often genome-wide in yeast) 
until homology is found and then forms a D-loop to copy the information from the 
homologous region (often the sister chromatid) – thus ensuring error-free repair. Once 
information has been copied, the invading strand reverts back to the invading duplex, gets 
ligated in a manner that is not well-understood and normalcy is restored (Symington and 
Heyer 2006; San Filippo et al. 2008). 
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Role of Chromatin Remodeling in DSB Repair 
 The compaction of chromatin obviously needs to be regulated to allow access to 
various processes that take place on DNA. Access is achieved in several different ways. 
The first involves creating stable regions/domains of heterochromatin and euchromatin as 
outlined above while the other is a more dynamic way of permitting the same regions of 
DNA to exist as accessible and inaccessible depending on the requirements of cellular 
processes. These dynamics are achieved by changes in the composition and the 
compaction of chromatin by specialized processes, namely chromatin remodeling and 
histone modification (Felsenfeld and Groudine 2003). The former involves a class of 
enzymes called ATP dependent chromatin remodeling enzymes of which the SWI/SNF 
enzyme is a prototype (Wang et al. 2007b). These enzymes have been shown to be 
required for processes which require a change in the state of chromatin such as 
transcription as well as DNA damage repair including base-excision repair as well as 
double-strand break repair (Peterson and Cote 2004).  
 Recent studies of the role of chromatin in this process have revealed that although 
the Rad51 nucleoprotein filament is capable of doing homology search by itself on a 
chromatin substrate (Sinha and Peterson 2008), several chromatin remodeling enzymes, 
including Rad54, SWI/SNF, RSC, SWR1, INO80, etc. participate in the “access-repair-
restore” model of damage repair on chromatin. Thus, their functions are required before, 
during and after repair to ensure efficiency and efficacy of the repair [see below and (van 
Attikum and Gasser 2005; Bao and Shen 2007; Wang et al. 2007b)]. While it is debatable 
whether a chromatin remodeling enzyme is required for the recognition of a DSB and 
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activation of the checkpoint kinases, it is clear that homologous recombination as it 
occurs in yeast will require some sort of nucleosome remodeling activity to allow D-loop 
formation on a nucleosomal substrate (Wong et al. 2006; Sinha and Peterson 2008).  
 The obvious candidate to accomplish this function is Rad54, which is an ATP 
dependent chromatin remodeler of the SWI/SNF family and is a part of the RAD52 gene-
group whose products are essential for HR. However, in vitro experiments have shown 
that Rad54 does not help the formation of a D-loop on a nucleosomal substrate (Jaskelioff 
et al. 2003; Sinha and Peterson 2008). In vivo Rad54 is required, however, for the 
successful completion of HR at a site-specific HO endonuclease induced break (Signon et 
al. 2001; Wolner and Peterson 2005), for maintenance of genomic stability (Schmuckli-
Maurer et al. 2003), and for inter- as well as intra-chromosomal recombination 
(Shinohara et al. 1997; Arbel et al. 1999; Petukhova et al. 1999). This is presumably 
achieved by roles of Rad54 in stabilization of the Rad51 nucleoprotein filament as well as 
an ATP-dependent post-synaptic role which may involve chromatin remodeling.  
 Surprisingly however, other remodelers also play important roles in DSB repair in 
vivo. RSC is recruited to the DSB within minutes and is required for the 
remodeling/sliding of the nucleosome(s) positioned next to the DSB (Kent et al. 2007; 
Shim et al. 2007) as well at the later ligation step of DSB repair (Chai et al. 2005). 
Indeed, RSC dependent remodeling of the DSB chromatin at MAT has been shown to 
play a role in the recruitment of various downstream mediators including Mec1/Tel1, 
Mcd1, as well as formation of γ-H2AX. However, these later recruitment results become 
harder to interpret in light of more recent evidence that rsc2Δ mutants exhibit altered 
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chromatin structure at MAT to begin with and indeed may not fully induce a DSB – thus 
causing the recruitment to appear reduced (Kent et al. 2007). SWR1 is recruited to a DSB 
(Shim et al. 2005; van Attikum et al. 2007) and is presumably responsible for the 
enrichment of histone H2AZ at a DSB (Kalocsay et al. 2009).  
 The INO80 complex has also been shown to be present at a DSB and its 
recruitment is reduced in a strain carrying a non-phosphorylable H2A mutant (van 
Attikum et al. 2004). INO80 complex specifically binds to γ-H2AX in a damage 
dependent manner via its unique Nhp10 subunit and plays roles in both NHEJ and HR in 
certain assays, but not in others (Morrison et al. 2004; Papamichos-Chronakis et al. 
2006). An alternative mechanism for the recruitment of Ino80, Swr1 as well as NuA4 
complexes exists through the interaction of their shared Arp4 subunit with γ-H2AX 
(Downs et al. 2004). Furthermore, like RSC, the absence of its remodeling activity at the 
DSB results in slower resection (van Attikum et al. 2004). While this phenotype is not 
observed by another group (Tsukuda et al. 2005), it has lead to the attractive hypothesis 
that chromatin acts as a barrier to resection. Alternatively, these complexes have been 
suggested to be allowing the recruitment and binding of end-processing proteins such as 
the MRN complex to the DSB through chromatin remodeling (Shim et al. 2005).  
 SWI/SNF is recruited to a DSB late but is required for successful repair of the 
DSB by HR and absence of the catalytic subunit of SWI/SNF blocks the synapsis 
between the invading Rad51 presynaptic filament and donor locus (Chai et al. 2005). 
Thus, while all these chromatin remodeling complexes may have similar activities in 
vitro, they co-operate in vivo to remodel the DSB by playing very distinct roles all of 
23 
 
which are required for unperturbed repair. While attempts have been made to classify the 
roles of these complexes as important for HR or NHEJ using various assays, these have 
yielded widely contrasting results, illustrating the fact that chromatin remodeling may be 
a basic requirement for all repair processes. Also striking is the fact that all of them seem 
to interact with γ-H2AX (RSC and SWI/SNF affect phosphorylation levels, INO80 and 
SWR1 also affect phosphorylation levels and require γ-H2AX to be recruited) and have 
an effect on formation of ssDNA by resection – while showing very different phenotypes 
in repair. It is thus possible that these remodelers have an early function to help MRN or 
other nucleases form ssDNA through non-specific chromatin remodeling activities at the 
DSB and a late function that is more specialized.  
  
Role of Histone Modification in DSB Repair 
 Another way to remodel chromatin in a dynamic manner is by chemical 
modifications – on histones as well as DNA. Each core histone in the nucleosome 
contains a globular domain and a highly dynamic N-terminal tail rich in basic residues, 
which protrudes out from the nucleosome. In addition, H2A also possesses a protruding 
C-terminal tail. The histone tails are the sites for a number of post-translational 
modifications like acetylation and ubiquitination of lysine (K) residues, phosphorylation 
of serines (S) and threonines (T), and methylation of lysines and arginines (R). Different 
combinations of these modifications have been proposed to form the basis of the “histone 
code” hypothesis (Jenuwein and Allis 2001; Ruthenburg et al. 2007; Wang et al. 2007a). 
Moreover, DNA itself is a substrate for methylation allowing the stable transmission of 
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‘epigenetic’ information and chromatin state through generations (Jaenisch and Bird 
2003; Reik 2007). 
 
Phosphorylation of histone H2A.X 
 The most well-known and well-researched response to a DNA double-strand 
break on chromatin is the phosphorylation of histone H2A (H2A.X in mammalian cells). 
The conserved C-terminal region of histone H2AX is phosphorylated by the kinases 
ATM/ATR (Tel1/Mec1 in yeast respectively) within seconds of induction of a DNA DSB 
as famously shown by William Bonner and colleagues over a decade ago (Rogakou et al. 
1998; Rogakou et al. 1999). Since then changes in chromatin have been catapulted to the 
forefront of DNA repair research. 
 Arguably, the phosphorylation is a symptom of the checkpoint activation process 
requiring the presence and activation of the kinases Mec1/Tel1 and is largely dispensable 
for the actual repair process [reviewed in (Altaf et al. 2007) and (Kinner et al. 2008)]. 
The phosphorylated histone H2A.X (γ-H2AX) is the most commonly used marker for 
DSB formation and is being considered for use as a diagnostic marker in cancer cells 
(Kuo and Yang 2008). Besides being conserved from yeast to humans, it is also very 
rapidly induced, not reversed until repair has been affected and extremely easy to 
visualize. The ease of visualization is due to the large domain of phosphorylation that is 
created by each DSB – up to 50kb in yeast and 1Mb in mammalian cells (Shroff et al. 
2004). Also, only 10-20% of mammalian H2A histones are H2A.X while 90% of yeast 
histone H2A is actually of the H2A.X variety as characterized by the distinctive C-
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terminal SQEL motif(Downs et al. 2000). With such conservation and rapidity of 
appearance, it was naturally assumed that -H2AX would be critical in the repair and or 
checkpoint process.  
 However, it soon became obvious that the non-phosphorylable histone mutant did 
not have a very severe phenotype. It could do most kinds of repair without any problems, 
although it was suggested that it may have a role in NHEJ in yeast (Downs et al. 2000) 
and in suppressing p53 induced genomic instability in mice (Celeste et al. 2003a). 
Moreover, in yeast, the non-phosphorylable mutant is not particularly sensitive to DNA 
damaging agents with the exception of CPT (which causes checkpoint-blind damage) and 
in mammalian cells, it is not required for initial checkpoint activation (Celeste et al. 
2003b). Clearly this was not fulfilling for a modification this well-conserved, and with 
further studies roles were uncovered for γ-H2AX in checkpoint signaling through the 
retention of BRCT motif proteins at a DSB (see below), in recruitment of chromatin 
remodeling complexes (NuA4, INO80 and SWR1, see above) as well as more recently in 
enabling V(D)J recombination by holding DNA ends together (Franco et al. 2006). The 
biggest phenotype in the h2ax-/- mice is still seen in the B-cells of the immune system 
where it is required for class switch recombination (CSR) and suppression of B and T cell 
lymphomas (Celeste et al. 2002; Bassing et al. 2003; Bassing and Alt 2004). Recent 
evidence indicates that the function of H2AX may not be at RAG/AID induced DSBs but 
instead it functions to prevent translocations as a result of spontaneous DSBs (Bassing et 
al. 2003; Xie et al. 2004; Franco et al. 2006; Bassing et al. 2008). H2AX phosphorylation 
is also believed to play a role in the detection of low levels of DNA damage by acting as 
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a recruitment/retention platform for checkpoint proteins such as BRCA1, MCD1, Nbs1 
(part of MRN) and 53BP1 (Rad9/Crb2) at DSBs through their BRCT motifs (Nakamura 
et al. 2004; Lou et al. 2006). Indeed, this is documented by the rapid disappearance of 
DNA damage foci in h2ax-/- mice(Celeste et al. 2003b).   
 An intriguing role of H2AX phosphorylation was discovered in the recruitment of 
a DSB specific cohesin domain (Ström et al. 2004; Ünal et al. 2004). This domain is 
loaded in addition to normal cohesin which is loaded during G1 and seems to spread 
~50kb on either side of a DSB – identical to γ-H2AX spreading. Additional functional 
analyses showed that this domain is functionally competent in that it prevents sister-
chromatid separation and is required for post-replicative repair – both properties of 
bonafide cohesin. In addition, efficient repair of checkpoint-blind damage caused by CPT 
requires several proteins involved in the cohesion pathway (Redon et al. 2006). The 
loading of cohesin may indeed explain some of the roles ascribed to γ-H2AX including 
the prevention of unequal sister-chromatid exchange (SCE), translocations as well as its 
role in preventing progression of DSBs to chromosomal breaks during B-cell 
development (Celeste et al. 2003a; Bassing and Alt 2004; Franco et al. 2006). Cohesin 
may act to hold the sisters together in register and thereby prevent crossovers and also 
assist in holding the two ends of the break together. Curiously, further studies showed 
that cohesion could be activated in a genome-wide manner in response to a single DSB in 
G2/M. This activation is mediated by the Eco1/Ctf7 acetyltransferase which stabilizes the 
pre-loaded cohesin – a step which requires Mec1 and MRN, not γ-H2AX (Strom et al. 
2007; Unal et al. 2007). The importance of this finding is two-fold: It was shown for the 
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first time that cohesion formation mediated by the Eco1 could occur outside of S phase 
(in the absence of replication) and this cohesin loading may have implications in the 
maintenance of genome stability. Surprisingly, the absence of cohesion formation in a ts 
eco1-1 mutant does not reveal any major role in DSB repair except for disruption of post-
replicative repair, an effect shared with sister-chromatid cohesin loaded normally in S 
phase (Sjögren and Nasmyth 2001).  
 In addition, it has been shown that the dephosphorylation of γ-H2AX is very 
important in the restoration of chromatin structure after repair. This dephosphorylation 
event is critical to allow the cell to turn off the checkpoint response (Chowdhury et al. 
2005; Keogh et al. 2006; Chowdhury et al. 2008). Moreover, there are indications for 
histone exchange at a DSB as evidenced by the loss of γ-H2AX in ino80Δ cells and 
increased levels of H2A.Z at the same time (Papamichos-Chronakis et al. 2006). This 
activity is attributed to the interplay of Ino80, Swr1 and NuA4 chromatin remodeling 
complexes in yeast. Indeed such histone exchange at DSBs has been demonstrated for the 
Tip60 complex in Drosophila which is a combination of NuA4 and Swr1 (Kusch et al. 
2004; Auger et al. 2008). 
 
Other histone modifications 
 Prominent among the other histone modifications associated with repair are : 
H4S1 phosphorylation, H3K79 methylation, H3K56 ac, H2B Ub, H2AS122 Phos, etc. 
However, while some like H4S1 or K3K79 have been extensively studied, they are not as 
specific as H2AS129 phosphorylation and have different roles. For instance, H3K79 is a 
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constitutive modification which is uncovered by damage and functions along with γ-
H2AX to recruit the adapter protein 53BP1 (Rad9) to the DSB (Huyen et al. 2004). This 
facilitates later checkpoint responses including the phosphorylation of Rad53 (Sweeney 
et al. 2005). Similarly, H3K56 is a mark of newly synthesized histones and may be 
recruited at the DSB as a part of the “access-repair-restore” model discussed above and 
presumably signals the restoration of chromatin structure after successful completion of 
repair (Chen et al. 2008; Kim and Haber 2009). Recently it has been shown that ubiquitin 
ligases play a major role in controlling the repair response and that the proteosome is 
recruited to the DSB (Keogh et al. 2006; van Attikum and Gasser 2009). It was also 
shown that histone H2A/H2AX get ubiquitylated, however it is not clear it these play a 
role in recruitment or repair factors or in the restoration of chromatin after repair. Recent 
studies have shown that there may be yet another role of γ-H2AX in altering the 
checkpoint response based on context. In mammalian cells, the Y142 residue of H2AX is 
dephosphorylated in response to DSBs and plays a critical role in accumulation of 
damage foci and signaling through an interaction with MDC1 (Cook et al. 2009b; Xiao et 
al. 2009). The authors propose phosphorylated Y142 might function as a decision-maker, 
determining cell fate after DNA damage. When repair is possible, Y142 is 
dephosphorylated, allowing the -H2AX modification and the recruitment of repair 
factors. Otherwise, Y142-phosphorylated H2AX persists, recruiting the JNK1 complex to 
'switch' to the pro-apoptotic mode, and eliminate cells with irreversibly damaged 
genomes from the organism (Cook et al. 2009b). 
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Changes in chromatin conformation: 
 A most intriguing question is whether the occurrence of a DSB changes the 
conformation of chromatin in any way. It seems very likely, considering what we know 
about chromosome organization and compaction that the process of DSB repair would 
require some form of chromatin perturbation in order to facilitate recognition as well as 
repair of the lesion. It was proposed initially that H2AX was causing a decondensation of 
chromatin in the region of a DSB and that this lead to ease of DSB detection and repair 
(Downs et al. 2000). However, this did not hold up the closer scrutiny (Fink et al. 2007). 
In a ground-breaking study about ATM activation in 2003, Bakkenist and Kastan 
submitted that ATM could be activated at a distance from the DSB and that very few 
molecules of ATM actually needed to be recruited to the DSB (Bakkenist and Kastan 
2003). It was a result of a self-phosphorylation and activation cascade following DSB 
formation which resulted in ATM becoming monomerized and free to phosphorylate its 
substrates including Rad9, p53, Chk1, Chk2, γ-H2AX, etc. At the time they proposed that 
the rapid activation of ATM at a distance from the DSB was the result of a change in 
large-scale chromatin structure – presumably decondensation – which occurs as a result 
of a DSB. While they did not provide a direct visualization of such a structure newer 
study from the Nuzzenweig group showed using a photoactivable GFP-tagged histone 
H2B that the locus bearing a DSB seems to become more dispersed in the nucleus. This 
conclusion is further supported by an increased Nitrogen-phosphorus ratio in the region 
(Kruhlak et al. 2006). They further went on to show that this “puffing” (the expression is 
no doubt borrowed from the decondensed regions in Drosophila polytene chromosomes) 
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required ATP and proposed that a DSB can recruit ATP-dependent chromatin remodelers 
which cause the decondensation. While indeed a seductive hypothesis which is shored up 
by other studies showing the recruitment of chromatin-remodelers to a single DSB (see 
above), the study suffers from several drawbacks as outlined below.  
 It has been suggested that nucleosomes are lost/exchanged/remodeled at the site 
of a DSB (Kusch et al. 2004; Tsukuda et al. 2005; Chen et al. 2008), especially the 
H2A/H2B dimers can be readily lost from the DSB region to allow the incorporation of a 
variant of histone H2A (H2A.Z) (Kusch et al. 2004; Papamichos-Chronakis et al. 2006) – 
hence the dispersion of H2B could be attributed to the loss of the histone from chromatin. 
Also, resection which causes the DNA to become single-stranded may add further to the 
loss of nucleosomes from the break-region (Chen et al. 2008). Alternatively, if the 
radiation dose is too much (which the Kruhlak et. al. argue it is not), extensive 
fragmentation of DNA could conceivably give rise to such findings. Thus, alternate 
explanations exist for the findings. The fact that this change is not dependent on the 
recruitment of the checkpoint kinases ATM/ATR further raises the question of whether it 
is functionally relevant. ATP depletion – which results in the loss of this change in 
chromatin – may not necessarily mean that ATP remodeling is required since ATP is 
required for all cellular and metabolic processes. 
 While local decondensation and gross changes in chromosome structure seem 
unlikely, there is significant evidence for some role for a more subtle transition in 
chromatin on DSB induction. Such a transition in structure is evidenced by the dramatic 
loss of KAP-1 and HP-1 in mammalian cells upon DSB induction (Ziv et al. 2006; Ayoub 
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et al. 2008). KAP-1 is a co-repressor which is essential in early development of mice and 
recruits HP1 to silenced regions in euchromatin through H3K9 methylation by its 
associated methyltransferase SETB1 (Schultz et al. 2002; Ayyanathan et al. 2003). After 
finding that KAP-1 is phosphorylated by ATM in a specific manner, the authors went on 
to show that this phosphorylation causes a decondensation of chromatin and that KAP-1 
knockdown sensitizes cells to DNA damage. However, the bulk chromatin MNase assays 
used can prove very misleading as in the case of γ-H2AX (Downs et al. 2000; Fink et al. 
2007). Moreover, Ziv et. al. do not characterize this chromatin in any functional manner 
to show that they do indeed get de-repression and all of the conclusions about chromatin 
changes are based on bulk MNase patterns. Also the large-scale de-repression of these 
regions does not correlate with the in vivo function of KAP-1 which is to target HP-1 in 
to euchromatic regions that need to be repressed. Indeed, KAP-1 has not been shown to 
play a role in the formation/repression of bona-fide heterochromatin (Schultz et al. 2002) 
– a phenomenon which would be a likely source of the genome-wide de-repression seen 
with the non-phosphorylable allele. Notably, the de-condensation does not occur in cells 
without KAP-1 and the fluoresence reactivation after photobleaching (FRAP) analysis 
also indicates that the phosphorylation does not alter the mobility of KAP-1 or the extent 
of its binding to chromatin. The authors argue that the role of KAP-1 may not be related 
to its activity as a co-repressor or its interaction with HP-1, but evidence for other 
functions of KAP-1 is lacking. 
 This study has recently been extended by Goodarzi et. al., who show that DSBs 
which persist for greater than 48 hours without being repaired in ATM-/- cells are usually 
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associated with heterochromatin(Goodarzi et al. 2008). This constitutes less than 25% of 
all DSBs. All DSBs that persist have a 2-3 fold overrepresentation of heterochromatic 
markers. The authors also show that these persistent breaks are reduced by knockdown of 
KAP-1 or its replacement with a phosphomimetic allele, knockdown of histone 
methyltransferases, HP-1 as well as HDAC-1/2 together. In contrast with other studies 
outlined here, the authors did not observe an increase in γ-H2AX foci while using any of 
these treatments though they saw a ‘qualititative’ increase in foci. Also, if DSBs are 
repaired ‘better’ in the absence of KAP-1, there must be an alternative explanation for the 
KAP-1 damage sensitivity noted by Ziv et. al. The authors hypothesize that the main 
function of ATM is to enable repair at heterochromatic foci and it is mostly dispensable 
for repair in euchromatin. 
 Some related findings from the Venkitaraman lab seem to reinforce the role of 
HP-1 if the conclusions of Ziv et. al. are taken at face value (Ayoub et al. 2008). In 
contrast with the findings with KAP-1, they noticed that HP1-β gets delocalized from 
heterochromatin foci at an increased rate in the presence of damage. They quantified this 
response using FRAP and fluoresence loss in photobleaching (FLIP) analyses and 
showed that it is dependent on the phosphorylation of HP1-β by CK2. However, detailed 
studies could not be conducted due to the fact that the mutation of this residue results in 
the loss of binding of HP1 to heterochromatic foci and it becomes dispersed throughout 
the nucleus. The authors also missed the opportunity to show functional significance 
through IR sensitivity or survival assays. Also in contrast to KAP-1, the response was 
very localized and reminiscent of the studies with photoactivable H2B. Surprisingly, 
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when the HP1-β protein is fused to histone H2B, its dynamics become completely 
repressed – in stark contrast with findings that histones are rapidly exchanged with 
chromatin and that this may be enhanced in the presence of damage (Kusch et al. 2004; 
Papamichos-Chronakis et al. 2006; Dion et al. 2007). It is possible that the fusion protein 
may not be an ideal substrate for chromatin modifying and remodeling enzymes when 
incorporated in a nucleosome – also accounting for the decrease in γ-H2AX seen in 
damaged cells expressing it. Although ATM is shown to be required for full mobilization 
of HP1-β, it is not clear if indeed this phenomenon of delocalization affects downstream 
checkpoint responses or if it is required for the initiation of the DNA damage response as 
the authors claim. 
 Moreover, the question of requirement for and functional consequences of 
chromatin decondensation remain unanswered. A tenable hypothesis which emerges from 
these studies is that the chromatin decondensation in response to a DSB may occur at 
highly compacted regions of the nucleus to facilitate DSB repair. This is correlated with 
pre-existing studies in yeast which show a de-localization of Sir proteins from their 
heterochromatic foci (Martin et al. 1999; McAinsh et al. 1999; Mills et al. 1999). This 
delocalization occurs in S-phase upon induction of DSBs using nucleases, bleomycin and 
MMS, but not when UV radiation is used. Thus, the response is dependent on the 
presence of DSBs which are produced only indirectly by radiation but are the major 
lesion following chemical or nuclease treatment. The delocalization is quite rapid in the 
presence of large amounts of damage and occurs within 15 minutes upon entry into S-
phase, peaking at 45 minutes. However, in the presence of a single DSB, it can take 4-6 
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hours to see a peak response. This relocalization is also accompanied by Ku 
relocalization (Martin et al. 1999). The authors further show that the loss of silencing 
proteins from the telomeres is associated with a loss of silencing, that it is dependent on 
the checkpoint activity of Rad9 and Mec1 and that the proteins relocalize close to a DSB 
(present at the DSB, but absent 3kb away). The proposed model consists of a telomeric 
pool of Sir and Ku proteins which are released to accomplish NHEJ upon DSB induction 
(Mills et al. 1999). However, it was later established that the Sir proteins have a very 
minor, if any role in NHEJ (Lee et al. 1999). The sensitivities of the SIR mutants to MMS 
and the additive sensitivities of sir and ku mutants to bleomycin indicates other roles for 
Sir proteins in DSB repair (Martin et al. 1999). In light of more recent evidence and the 
rapidity of displacement from the DSB, it seems more likely to be a heterochromatin 
response to DSB detection. Indeed, recent evidence indicates that a persistent DSB is 
recruited to the nuclear periphery which is a reservoir for the SIR proteins (Nagai et al. 
2008; Kalocsay et al. 2009; Oza et al. 2009). The presence of a single DSB at the 
periphery for hours or of multiple breaks may titrate the Sir proteins from the telomeres 
and cause a delocalization response. The functional consequences of this response are 
still not clear and need to be assessed in more detail. 
 Other studies in yeast as well as mammalian cells have shown that the compaction 
of chromatin can in turn affect the chromatin responses of a DSB in that region. ChIP 
studies in yeast cells showed that the heterochromatin at HML and HMR (the silent 
mating type loci) is refractory to H2AX phosphorylation in a Sir3 dependent manner 
(Kim et al. 2007). It is not clear if the repair of the DSB using homology to the donors at 
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HML and HMR occurs in these cells and whether that has a role to play in this 
phenomenon. The authors show that the refractoriness does not preclude phosphorylation 
of regions distal to the heterochromatin and propose the formation of a loop within the 
50kb as a possible means of spreading of γ-H2AX. The data presented in chapter 2 of this 
thesis argues against such a possibility. In contrast, the sub-telomeric regions show a 
robust presence of γ-H2AX even in the absence of damage and this is not inhibited by the 
presence of Sir3 in these regions. Specifically Kim et. al. test Ku80 and Sir4 deletion 
mutants and show no effect on telomere γ-H2AX ChIPs. One possibility is that the 
nucleosomes are actively remodeled at the heterochromatic donor loci as a result of 
strand invasion resulting in a loss of nucleosomes and hence a loss of γ-H2AX [(Tsukuda 
et al. 2009) and our unpublished data]. This phenomenon may not occur on non-
heterochromatic loci where chromatin remodeling is not required for strand invasion 
(Sinha, M and Peterson, CL, submitted). 
 In mammalian cells it is well-known that HDAC inhibitors such as Valproic Acid 
sensitize cells to DSBs (Kevin Camphausen 2005; Karagiannis et al. 2006). It was 
hypothesized that this could be a result of the absence of refractory heterochromatin, thus 
allowing the DSB response to be more robust. Indeed, this was shown to be the case, 
using both chemicals (Trichostatin A) as well as depletion of histone H1 which is known 
to decondense chromatin without major effects on gene expression (Fan et al. 2005; Kim 
et al. 2007; Murga et al. 2007). The data needs to be interpreted carefully due to the non-
specific effects of HDAC inhibitors in DSBR (Harikrishnan et al. 2008). In addition, 
Murga and colleagues showed that the depletion of histone H1 to 50% wild-type levels 
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caused a hyperactive DSB Response which made the cells more resistant to damage. In 
addition, γ-H2AX foci seem to occur preferentially in euchromatin (or are actively 
excluded from heterochromatin) and this difference disappears in replicating cells 
(Cowell et al. 2007). This reinforces the more recent reports that lack of decondensation 
blunts the DNA repair response in cells unable to phosphorylate HP1-β as discussed 
above. The question remains whether the response seen is a result of the pre-existing 
condition of the chromatin on which the DSB is induced or whether the induction of a 
DSB causes a change in chromatin conformation. 
 In another twist on the tale, using Hmgn1-/- mice Bustin and colleagues showed 
that damage induction in these mice leads to an increased retention of ATM on chromatin 
and reduced its activation (Kim et al. 2009). This is not in agreement with other studies 
showing increased γ-H2AX foci in the absence of chromatin compaction factors, 
suggesting a more complex role for chromosome architectural proteins in the DSB 
response. 
 
Effects of Nuclear Position on DSB repair 
 A related question is – does the presence of chromatin/nuclear sub-domains affect 
the repair of DSBs in that region? As discussed above, this question has been asked in 
many different ways for a long time. A correlation between G-banding patterns and DNA 
damage sensitivity was reported by Folle et. al. in 1998 (Folle 2008) while Puerto found 
no difference in sensitivities of heterochromatic vs euchromatic loci (Puerto et al. 2001). 
Ricchetti and co-workers showed that repair in the sub-telomeric region is highly 
37 
 
dependent on the distance from the end of the chromosome. Rather than a result of the 
nuclear domain structure, they went on to show that this was a result of the absence of 
essential genes distal to sub-telomeric regions. Thus, cells used a higher proportion of 
non-NHEJ type of repair to loose the chromosome end distal to the break and survive 
(Ricchetti et al. 2003). However, the role of chromosomal location in DSBR was stressed 
in a newer study by Therizols et. al. who  used various mutants of the yeast Nup84 
complex to perturb telomere clustering and showed an effect on repair of sub-telomeric 
DSBs (Therizols et al. 2006). This defect may imply a role for the nuclear periphery in 
non-NHEJ repair processes. 
 Interestingly, this part of the NPC (Nup84 sub-complex) has been separately 
implicated in the repair of DSBs by screens for genes defective in repair of damage 
induced by MMS or radiation (Bennett et al. 2001; Chang et al. 2002). Also, besides 
disrupting the nuclear structural environment through the clustering of the Nuclear pores, 
these mutants also show synthetic lethal interactions with Rad27 and the RAD52 group of 
genes as well as increased levels of endogenous damage as seen by Rad52 foci (Loeillet 
et al. 2005). Conflicting evidence exists to the exact role these complexes play in the 
peripheral localization of telomeres. It was suggested that through interactions with 
yKu70 via Mlp1/Mlp2 (Myosin-like proteins), the Nup60-Nup145C complex was 
essential for telomere localization, silencing and DSB repair in the context of that 
silencing (Galy et al. 2000; Feuerbach et al. 2002). However, the role of the Mlp1/Mlp2 
proteins in this arm has been questioned (Hediger et al. 2002a), and the role of NPCs may 
indeed be related to a more generalized disruption of the nuclear architecture. Most 
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mutations in the NPCs cause a phenotype which is characterized by a change in the 
distribution of NPCs around the nuclear envelope. From being well-distributed 
throughout the membrane, they now cluster to a single region, causing drastic effects on 
nuclear architecture, mRNA export and DNA damage repair (Doye and Hurt 1997). 
Although Loliett et. al. ruled out this effect as causing the repair phenotypes by a specific 
deletion of the Nup133 N-terminus which clusters pores but does not have the synthetic 
lethal (SL) or the damage phenotypes, it is possible that the clustering has effects not 
made obvious by these assays.  
 In addition to roles in RNA export, silencing and DNA repair outlined above, the 
NPCs also play roles in the anchoring of active genes to the periphery – a role that has 
been extensively studied in yeast and reported in mammalian cells as well (Akhtar and 
Gasser 2007). Another property which has recently received attention is the localization 
of small ubiquitin-like modifier (SUMO) protease Ulp1 at the NPC by the Mlp1/Mlp2 
proteins (Zhao et al. 2004; Zhao and Blobel 2005). Indeed, a recent study proposed that 
through the localization at the NPC, Ulp1 is able to SUMOylate the Ku70 protein among 
others and may play a role in NHEJ (Palancade et al. 2007). An N-terminal deletion 
mutant of Ulp1 that is mis-localized results in decreased SUMOylated Ku70, although 
the protein levels are unaltered. However, overexpression of wt Ulp1 did not alleviate the 
NHEJ phenotypes of the nucleoporin mutants, nor did it rescue the hyper-recombination 
phenotype (as evidenced by Rad52 foci). The interpretation of these results is further 
complicated by the fact that Ulp1 in yeast is essential for the maturation and editing of 
poly-SUMO chains as well as deSUMOylation (Palancade and Doye 2008). The role of 
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SUMO in the repair process is further emphasized by the findings of recent screens which 
show an over representation of proteins involved in DNA metabolism in SUMO-
modified proteomes (Panse et al. 2004; Wohlschlegel et al. 2004; Denison et al. 2005; 
Hannich et al. 2005; Wykoff and O'Shea 2005). These include Rad52, members of the 
RSC complex and PCNA among others involved in the DSB repair process as well as 
Rap1, Sir 2-3-4 and Esc1 which along with Ku70 are important in telomere localization 
and silencing. Although it has been shown that the effect on DSB repair can be separated 
from the effects on nuclear pore clustering as well as telomere clustering, these 
pleiotropic effects make it difficult to tease out the exact roles for these complexes in 
silencing and repair.  
 An additional protein that plays an important role in peripheral localization of 
telomeres is the ESC1 (Establishes Silent Chromatin) protein (Andrulis et al. 2002). Esc1 
has been shown to interact with Sir4 and form a pathway for telomere anchoring separate 
from the Ku70/80 pathway (Taddei et al. 2004). It is currently unknown why Esc1 
localizes to the nuclear periphery, but along with other coiled-coil proteins Mlp1 and 2, it 
may have a function analogous to lamins in providing the yeast nucleus with tensile 
strength (Hattier et al. 2007). Recently, it has also been reported to be important for 
localization of Ulp1 at the nuclear periphery, a finding that may implicate it in a more 
complex role in telomere tethering. 
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Repair factories? 
 While transcription and replication may indeed occur in self-organizing factories, 
the same is not readily acceptable for the third in the triumvirate of DNA processes – 
Repair. Especially in the case of DNA double-strand break (DSB) repair, it can be readily 
appreciated why this could prove disastrous. If multiple breaks in the genome are indeed 
transported to the same place in order to be repaired translocations leading to genomic 
instability would ultimately result. Indeed, this has been the subject of much research 
considering such translocations are very common in cancerous cells (eg. BCR-ABL in 
lymphoma). 
 However, the picture is not as clear as it seems as first. Contrasting studies in 
yeast and mammalian cells have indeed suggested the existence of such ‘repair factories’ 
with stringent mechanisms in place to prevent spurious recombination from occurring 
here (Lisby et al. 2003; Aten et al. 2004). Also curiously, the absence of ‘chromosome 
territories’ in yeast, might indeed make such repair centers a very real possibility (Haber 
and Leung 1996). Indeed, while irradiation of cells results in numerous foci, the number 
of ‘calculated’ DSBs out-numbers the foci by almost a 10 to 1 margin. It is argued that 
the clustering would functionally ease much of the pressure encountered upon 
catastrophic damage in yeast, allowing them to efficiently recognize and repair DSBs 
without having to spread their limiting proteins such as Rad51 out too thinly. While this 
may be true for yeast cells, it is not that simple to make a conclusion about mammalian 
cells. Contrasting approaches have thrown up very different results (Folle et al. 1998; 
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Aten et al. 2004; Soutoglou et al. 2007) and indeed it is a furiously studied topic making 
it likely that a consensus could emerge very soon.  
 
Telomeres and DSBs – what is the difference? 
 Interestingly, telomeres and DSBs have more in common than initially meets the 
eye [reviewed in (Maser and DePinho 2004; Longhese 2008)]. Besides the fact that both 
are obviously structures with DNA ends, many of the proteins which are involved in DSB 
repair are also very important in telomere maintenance. Telomeres need to be re-extended 
by the recruitment of telomerase at the end of S phase to maintain their length during 
mitotic growth. However, since the telomerase in the cell is present in limiting quantities, 
only the shorter telomeres seem to get extended and chromosomes have to wait until their 
TG repeats reach a critical length before being elongated (Bianchi and Shore 2008). This 
size regulation is accomplished by another telomere repeat binding protein Rap1 which 
involves a counting mechanism for the number of Rap1 molecules associated with the 
particular telomere but is not fully understood (see below). Without the reverse 
transcriptase activity of telomerase, telomeres are degraded in a manner dependent on the 
MRX complex, the Ku70–Ku80 heterodimer, Exo1 nuclease and quickly become very 
short (Lansdorp 2005; Foster et al. 2006b; Zubko and Lydall 2006).  
Telomere shortening has long been a hallmark of senescent cells in higher 
eukaryotes (Bodnar et al. 1998; Larrivee et al. 2004). Consistent with this, somatic cells 
do not express telomerase. Conversely, stem cells which can undergo near-infinite 
doublings have longer telomeres and higher telomerase activity (Blasco 2007; Allen and 
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Baird 2009). The same is true of cancerous cells and over-expression of telomerase by 
itself is sufficient to immortalize cells in culture (Lin and Elledge 2003) 
 Indications for the role of DSB Repair mechanisms in telomere maintenance came 
from the discovery that human cells from Ataxia-Telengectasia patients have shorter 
telomeres, first implicating the DSB repair kinase ATM in telomere elongation (Metcalfe 
et al. 1996; Xia et al. 1996). Of course, this role had already been known in yeast cells, 
where Tel1 and Tel2 were one of the first genes identified to result in shorter telomeres 
by southern analysis (Lustig and Petes 1986). Despite years of research, and insight into 
their function, it is still not clear how Tel1 (and to a lesser extent its homologue, ATM) 
regulates telomere length. Proposed models for Tel1 function seem to stress the role of 
the interaction with the MRX complex – another carryover from the DSB repair field. 
MRN is recruited to the DSB and is required for the activation of the ATM kinase 
through the production of ssDNA (Lee and Paull 2007). Similarly, MRX is recruited to a 
telomeric end and is necessary for recruitment of Tel1 through an interaction with Xrs2 
(Shima et al. 2005; Sabourin et al. 2007). Alternatively, the resection activity of MRN 
may be important in this function as at a DSB as evidenced by the CDK1 dependence of 
the telomere elongation (Frank et al. 2006), an activity which is also responsible for 
controlling MRX dependent resection at a DSB (Ira et al. 2004). Alternatively, it has 
been shown that CDK is also capable of phosphorylating Cdc13 in vivo, a modification 
that favors the recruitment of yeast telomerase (Li et al. 2009). 
 Surprisingly, MRN is also required for the recruitment of telomerase to shortened 
telomeres – presumably through its end-processing activity and production of single-
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stranded G-tails (Larrivee et al. 2004; Chai et al. 2006). It is believed that MRX is 
required for the initial processing of the telomere, after which it recruits Cdc13 and 
telomerase, thus preventing further degradation (Diede and Gottschling 2001; Foster et 
al. 2006b). This is indeed in agreement with recent evidence which shows that MRX 
functions in a similar manner at a DSB, albeit, it recruits resection nucleases and 
helicases including Exo1, Sae2 and Dna2 to enhance resection (Sartori et al. 2007; Gravel 
et al. 2008; Huertas et al. 2008; Zhu et al. 2008).  
 The RPA complex is also present at telomeres and presumably competes with the 
G-rich ssDNA specific Cdc13 protein for binding (Smith et al. 2000). It may indeed have 
an independent role to play in the recruitment of telomerase (Schramke et al. 2004). 
Remarkably, the Cdc13 protein and Rpa1 are very similar in domain structure, despite 
their lack of sequence similaritly, prompting Lundblad and collegues to propose that 
along with its binding partners Stn1 and Ten1 (similar to Rpa2 and Rpa3, respectively) 
Cdc13 forms a telomere specific RPA-like complex (Gao et al. 2007). This telomere 
specificity is attributable to the affinity of these proteins for G-rich ssDNA, especially 
Cdc13, which constitutes the tightest known protein-DNA connection – with an affinity 
of ~3pM (Lin and Zakian 1996; Croy and Wuttke 2006; Eldridge et al. 2006). An 
interesting question raised by the similarity to RPA and the avidity of its binding is 
whether Cdc13 would ever bind to non-telomeric sequences in vivo. Indeed, a related 
protein TRF2, which is not present in yeast but is a sheltrin component in higher 
eukaryotes, seems to be able to bind to non-TG repeat ssDNA (Fouche et al. 2006).
 Although it is not clear if the recruitment of the MRX/N complex to telomeres is 
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cell-cycle regulated (Zhu et al. 2000), it has been shown to be necessary for recruitment 
of the telomerase complex and for continued telomere maintenance. Several experiments 
have shown that the telomerase activity does not vary with cell-cycle phase (Diede and 
Gottschling 1999), but telomeres are elongated only in S/G2, emphasizing that fact that 
telomerase activity is controlled by recruitment of telomerase components during S/G2 
(Diede and Gottschling 1999; Marcand et al. 2000; Taggart et al. 2002). Moreover, it is 
probable that MRX activity under CDK control is important for this recruitment.  
 Intirguingly, when a de novo telomere is induced by the presence of TG repeats 
next to a suddenly shortened telomere (Marcand et al. 2000), the recruitment of MRX is 
not automatic, but only occurs in S phase on telomeres that are short and need to be 
elongated, adding another layer of control to telomere maintainance (Viscardi et al. 
2007). While differences exist in the functionality of ATM/ATR vs. Tel1/Mec1, most 
notably in the roles they play at DSBs and telomeres, the general functionality seems to 
be maintained. mec1Δ cells do not show severe telomere phenotypes, but they do enhance 
the phenotypes of yeast cells lacking Tel1 and MRX (Ritchie et al. 1999). On the flip 
side, the Mec1 kinase has been shown to play the major role in DSB repair in yeast, while 
Tel1/ATM may have a greater role in transducing the signal from blunt or non-processed 
DSBs (Celli and de Lange 2005; Mantiero et al. 2007; Shiotani and Zou 2009). 
 The recruitment of telomerase to a telomere and its extension can be studied very 
elegantly in a system where a DSB is produced next to a stretch of TG repeats. In early 
experiments Haber and colleagues (Kramer and Haber 1993) showed that the presence of 
TG repeats in the vicinity of a DSB caused increased percentage of repair by loss of the 
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distal fragment and formation of a telomere at the DSB location. Curiously, the telomere 
did not always coincide with the stretch of TG repeats and since they were ~100bp from 
the DSB itself, it was postulated that the presence of even a stretch of 1-2 nucleotides was 
enough to allow telomerase to prime and extend the telomere (Kramer and Haber 1993). 
These observations were further extended and refined by Diede and Gottschling in a 
seminal paper where they showed that the presence of TG repeats right next to the site 
where the DSB is induced increases the rate of telomere formation from high (as in the 
Haber experiments) to almost 100%. They also deleted Rad52 to ensure that the telomere 
formation does not occur through the ALT recombination pathway of telomere 
maintenance and showed that cell survival with telomeres was completely dependent on 
telomerase (Diede and Gottschling 1999; Diede and Gottschling 2001).  
 This system is also very informative in that it clearly shows the differences 
between the events following a DSB vs those at a deprotected telomere. It has been 
known for a long time that the telomere sports a complement of end-protective proteins 
(called the Sheltrin complex in mammalian cells) which prevents the activation of a 
damage response at telomeres. These proteins by their presence and activity prevent the 
recruitment of the checkpoint and repair factors that accumulate at a DSB and distinguish 
a telomere from a DSB. This complex consists of Cdc13 (POT1 in higher eukaryotes), 
Rap1, Taz1 and TRF1 and 2 (S. cerevisiae do not have homologues for Taz1 and TRFs, 
but have Rif1/2 proteins)(Smogorzewska and de Lange 2004). It has been postulated that 
the presence of these at the TG repeats causes the abrogation of the checkpoint response 
and channels the DSB down the telomere formation path (Bianchi et al. 2004; Michelson 
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et al. 2005; Hirano and Sugimoto 2007). However, the mechanism of this checkpoint 
abrogation is at least two-fold. Firstly, these TG repeats are bound by Cdc13 which then 
recruits the telomerase complex of Est1, Est2, Est3 and the TLC1 RNA via an interaction 
with Est1 (Bianchi et al. 2004). In the absence of TG repeats at a DSB however, the 
presence of the non-specific ssDNA binding protein RPA outcompetes the TG repeat 
specific ssDNA binding protein Cdc13 to enable activation of the checkpoint and 
recruitment of repair factors to the DSB in a Mec1 dependent manner. Indeed Hirano and 
Sugimoto showed that the presence of the TG repeats does not affect the binding of the 
MRX complex and Tel1, but abrogates the binding of Mec1, RPA and Exo1 in a Cdc13 
dependent manner (Hirano and Sugimoto 2007). 
 Alternatively, it has been shown that the anti-checkpoint activity of longer TG 
repeats comes from their ability to bind Rap1, Rif1 and Rif2 (TRF1 and TRF2 or the 
Sheltrin complex in mammalian cells)(Michelson et al. 2005; Negrini et al. 2007; Hirano 
et al. 2009). Telomeres are maintained at a stable size through the action of a counting 
mechanism which counts the presence of repeats and inhibits the binding of MRX and 
Tel1 on extended telomeres (Bianchi and Shore 2008). In addition, telomerase is present 
in limiting amounts (Mozdy and Cech 2006), ensuring that this competition between 
telomeres is maintained (Cristofari and Lingner 2006). This very same mechanism seems 
to play a role in the anti-checkpoint function of these repeats – again by down-regulating 
the amount of MRX/Tel1 recruited to a DSB (Hirano et al. 2009). A very attractive 
model of how this is achieved is that TRF2 and POT1 act in two parallel pathways to 
inhibit the ATM and ATR dependent checkpoint activation depending on the length of 
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the telomere (Denchi and de Lange 2007). This may occur through mechanisms such as 
the direct binding and inhibition of ATM by TRF2 (Karlseder et al. 2004). Moreover, it 
has been shown that TRF1 and POT1 interact in the maintenance of telomere length, 
suggesting the presence of cross-talk between these pathways (Loayza and de Lange 
2003). In addition, Tel1 (and Mec1) has been shown to be able to phosphorylate Cdc13 at 
residues which are critical for its interaction with Est1 (Tseng et al. 2006) and Tel1 is 
required for full recruitment of Est1 and Est2 proteins to the telomere (Goudsouzian et al. 
2006), indicating a role for this phosphorylation in the elongation of short telomeres. 
 Intriguingly, the finding that TRF2 localized to DNA damage foci produced by 
high energy radiation has lead to the very compelling hypothesis that telomeres represent 
a specialized function of proteins which were initially meant to do repair DNA damage 
(Bradshaw et al. 2005; Tanaka et al. 2005). However, a later group showed that this 
response was not seen at most DSBs and may be a hallmark of the specific conditions 
used (Williams et al. 2007a). It has since been shown that TRF2 can bind to non-TG 
sequences and thus may indeed be able to interact with the DNA ends within the 
chromosome (Fouche et al. 2006) and play an active role in their repair (Mao et al. 2007). 
However, while an interesting suggestion, it is far from well accepted and much more 
work needs to be done to address the possibility raised by these studies. 
 The Ku70/80 heterodimer is arguably one of the most important proteins present 
at the telomere. It is presumably recruited here through its end-binding activity (Bianchi 
and de Lange 1999) and serves multiple purposes here, some of which are analogous to 
its role in NHEJ at a DSB. It has been shown to be important in recruiting telomerase 
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through a direct interaction with the TLC1 RNA (Stellwagen et al. 2003; Fisher et al. 
2004) in the G1 phase of the cell-cycle as well as in the absence of TG repeats. In a very 
exciting discovery, Stellwagen et. al. showed that it was possible to separate the two roles 
of the Ku heterodimer – with a yku80-135i mutation which does not bind to the TLC1 
RNA. Similarly, strains bearing yku80tel missense mutations were isolated from a 
separation of function screen (Bertuch and Lundblad 2003). It is probably the absence of 
this semi-redundant telomerase recruitment activity of Ku which results in short but 
stable telomeres in ku70Δ mutants (Boulton and Jackson 1996; Porter et al. 1996). 
Moreover, as with Cdc13 (see above) and its activity at a DSB (Lee et al. 1998; Paques 
and Haber 1999; Clerici et al. 2008), Ku prevents the generation of ssDNA at telomeres 
by exposure to excessive nucleolytic activity (Gravel et al. 1998; Polotnianka et al. 1998; 
Maringele and Lydall 2002). Ku also prevents catastrophic loss of TG repeats through 
unequal sister chromatid exchange between telomeres (Celli et al. 2006). Ku is also 
perfectly capable of generating end-joined telomeres if Sheltrin or the Rap1 protein are 
eliminated (Pardo and Marcand 2005), again questioning the role physiological role of an 
end-joining protein at a telomere (where end-joining needs to be prevented). 
Additionally, it is also required for the anchoring of the telomeres to the nuclear 
periphery (Hediger et al. 2002b; Bystricky et al. 2005). It is not entirely clear what role 
the peripheral anchoring plays in telomere biology, but experiments have revealed roles 
for the nuclear localization in governing silencing, replication timing and TPE among 
other things.  
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Perspective:  
 While most of the studies outlined above indicate a link between chromatin 
structure and DSB repair, the association is very complex. Chromatin structure is affected 
by the induction of a DNA DSB and the cellular repair response as suggested in yeast by 
Downs and Jackson and in mammalian cells by Bakkenist and Kastan. In addition, more 
recent studies show that the chromatin state of intact DNA itself may have the ability to 
modulate the response to a DSB induced upon it.  It is not clear whether this modulation 
is a result of chromatin modifications, structural characteristics or the presence and 
accessibility of chromatin remodelers.  In summary, while much is known and has been 
inferred about the relationship between chromatin structure and DSB repair, it is still 
unclear if a single DSB can cause large-scale changes in chromosome structure. The 
purpose of this thesis is to probe the changes in chromosome structure in the presence of 
a single DNA DSB and interpret the results in a manner that will allow us to address the 
functional consequences of these changes.   
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3C ANALYSIS OF THE CHROMATIN CHANGES AT A DNA 
DSB 
 
 
 
 
 
Portions of this chapter appeared in: 
 
 
Pranav Oza, Sue L. Jaspersen, Adriana Miele, Job Dekker, and Craig L. Peterson        
Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery 
Genes Dev. 2009 23 (8) 
 
 
 
 
 
 
 
 
51 
 
Introduction 
 A long standing question has been whether a DNA double-strand break (DSB) 
alters the structure of chromatin. Conversely, it has also been suggested that the structure 
of chromatin upon which the DSB is induced may alter the response to the damage (i.e. 
responses to DSBs in heterochromatic and/or euchromatic regions may be different). An 
added complication to this question is that the current structure-function relationship of 
the nucleus is not entirely clear (Misteli 2008). While it is well established that the 
mammalian nucleus is organized into sub-domains of euchromatin and heterochromatin 
and has chromosome territories, the functional implications of this nuclear ultrastructure 
are a focus of intense investigation. Interestingly, chromosomal translocations should be 
very rare if the nucleus is divided into chromosomal territories which don’t intermingle to 
any extent. It has been known for a while that this is not true in the yeast nucleus, which 
in addition to being much smaller than its mammalian counterpart also lacks much of the 
territorial organization. This enables a high frequency of translocations to occur (Haber 
and Leung 1996). However, there is still significant nuclear sub-division in yeast as 
evidenced by the presence of a prominent nucleolus as well as the structural organization 
of telomeres at the nuclear periphery creating a heterochromatin compartment (Gotta et 
al. 1996; Maillet et al. 1996; Bystricky et al. 2005) which is punctuated by the presence 
of highly active euchromatin at the nuclear pores (Akhtar and Gasser 2007).  
 Attempts to understand this contradiction have led researchers to support a much 
more dynamic view of the nuclear sub-structure. Indeed, in yeast cells a single gene locus 
can sample nearly 1/4th the nuclear volume as measured by chromatin mobility in real-
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time (Akhtar and Gasser 2007). A similar concept has been developing in mammalian 
cells where not only the outer segments of the chromosomal territory but the entire 
chromosome interacts with other DNA to a larger or smaller extent (Branco and Pombo 
2006). This model has gained support from observations that transcription does occur in 
genes located in the interior of these territories and often does not require the 
decondensation or re-organization demonstrated by various groups (Tumbar et al. 1999; 
Nye et al. 2002; Chambeyron et al. 2005). In addition chromosome conformation capture 
techniques have shown that interchromosomal interactions in mammalian cells, while 
low, are eminently detectable (Simonis et al. 2006; Zhao et al. 2006). Indeed, in certain 
processes such as IgH activation and nasal receptor re-arrangement, these interactions 
play physiologically important role (Spilianakis and Flavell 2004; Lomvardas et al. 
2006). 
 It has been suggested that DNA damage in the cell is repaired in ‘repair 
factories’(Lisby and Rothstein 2004) – localized repair foci that would allow the cell to 
concentrate the repair machinery in a single place and improve the efficiency of repair 
[similar to transcription factories, whose existence is well established (Cook 2002)]. This 
notion is rejected by many researches on the basis of the high amounts of translocations 
that would result from such a structure. As has been shown using deprotected telomeres 
which efficiently generate end-to-end fusions, coalescing of DSBs into repair factories is 
likely to cause translocations and genomic instability (de Lange 2002). Despite their 
counter-intuitive nature, evidence exists for the coalescing to DSBs both in yeast and 
mammalian cells. Aten et. al. used α particles to induce DSBs in HeLa cells, stained foci 
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with γ-H2AX antibodies and observed these foci coalesce and become larger (Aten et al. 
2004). Their results do not match with earlier studies in human fibroblasts from the 
Petrini lab which showed the absence of significant movement of DSBs induced by soft 
X-rays and visualized using Mre11 staining and BrdU incorporation (Nelms et al. 1998). 
Moreover, it is possible that some of the foci become repaired quickly and expansion of 
other foci gives the appearance of coalescing (Kruhlak et al. 2006). In addition, despite 
the fact that Mre11 and Rad51 spread to a much smaller region around a DSB, Aten et. 
al. do not observe multiple Rad51 or Mre11 foci embedded in a single γ-H2AX focus, 
arguing against the presence of multiple repair foci coalescing. Additionally, the fact that 
this coalescing is not dependent on ATM/ATR also argues against its physiological 
significance (Krawczyk et al. 2006) and is not supported by newer studies (Jakob et al. 
2009). 
 More recent studies argue for positional stability of DSBs induced in a variety of 
cell types using a site-specific endonuclease I-sceI as well as UV radiation (Kruhlak et al. 
2006; Soutoglou et al. 2007). Using LacO/TetO arrays on either side of the DSB to allow 
visualization of chromosome movement Soutoglou et. al. observe minimal changes in 
chromosome movement and no coalescing of multiple DSBs in contrast to a similar study 
in yeast which used the same arrays to show that DSBs on different chromosomes cluster 
in ~50% of the cells (Lisby et al. 2003). One aspect of concern is that the presence of 
these repeats next to a DSB might induce their coalescence only in the presence of a DSB 
– possibly through the presence/loading of cohesin at these repeats. Factors which may 
influence the difference in coalescing between yeast and mammalian cells include the 
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presence of genomewide homology search in yeast (possibly the absence of chromosome 
territories) and heterochromatin formation on the lac/tet repeats. More work is required to 
delineate the causes of these differences in yeast and mammalian cells. 
 Chromatin structure plays a central role in the orchestration of the DNA damage 
response. Immediately following DSB formation, histone H2AX is phosphorylated by the 
ATM or ATR checkpoint kinases within a large chromatin domain surrounding the DSB 
(Rogakou et al. 1998; Rogakou et al. 1999; Downs et al. 2000). In addition, several ATP-
dependent chromatin remodeling enzymes are recruited to the DSB irrespective of DSB 
processing (Morrison et al. 2004; Shroff et al. 2004; van Attikum et al. 2004; Chai et al. 
2005; Shim et al. 2007). Several groups have suggested that DSB formation may lead to 
large-scale chromatin changes including decondensation or “relaxation”, and that such 
changes in chromatin higher order structure may play a role in subsequent checkpoint 
activation as well as directly facilitate repair of the lesion (Bakkenist and Kastan 2003; 
Aten et al. 2004; Kruhlak et al. 2006; Ziv et al. 2006).  
 However, previous studies examining chromatin structure in response to DNA 
damage involved induction of DNA damage by irradiation which results in many DSBs 
throughout the genome. This may induce a global response to DNA damage and make it 
impossible to resolve the effect of a single DSB on chromatin structure. Thus it is not 
clear whether a single DSB also results in dramatic changes in chromosome structure, 
although it is sufficient to activate the DNA damage checkpoint (Paques and Haber 
1999). 
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 To investigate possible changes in chromosome dynamics in response to a single, 
site-specific DSB in a yeast chromosome, we used Chromosome Conformation Capture 
(3C). 3C is a relatively new method that probes the frequency with which two 
chromosomal regions interact within intact cells (Dekker et al. 2002). This technique has 
proved invaluable for detecting looping interactions between gene regulatory sequences 
(Tolhuis et al. 2002; Vakoc et al. 2005), for studying global chromosome dynamics along 
an entire yeast chromosome (Dekker et al. 2002), and for developing a large-scale 
interaction map of the nucleus (Dostie et al. 2006; Simonis et al. 2006; Zhao et al. 2006).  
Indeed, the real power of this technique has been demonstrated by its ability to detect 
specific new and functionally relevant interactions within DNA regions in the nucleus 
(Spilianakis and Flavell 2004; Spilianakis et al. 2005; Lomvardas et al. 2006). 
 
 Results 
3C in yeast involves the cross-linking of cell-nuclei or spheroplasts to capture the 
conformation of chromatin in the nucleus by fixing with formaldehyde (Dekker et al. 
2002; Miele et al. 2006). To address the need to capture dynamic changes in chromatin 
on induction of DSBs, we have modified the 3C technique to decrease the processing 
time (Figure 2-1, schematic). We cross-linked intact cells directly instead of nuclei or 
spheroplasts, and then disrupted the cell wall by grinding in liquid nitrogen which results 
in greater yield of unperturbed chromatin. We then diluted the cell-extract in restriction 
enzyme buffer containing SDS and digested with EcoR1. After inactivation of the 
enzyme, we ligated the chromatin fragments in a much larger volume to ensure intra-
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molecular ligation and followed the procedure outlined in Miele et. al. for intact yeast 
cells (Miele et al. 2006). This 3C template now contains all the interactions which occur 
 
 
Figure 2-1 Schematic for the 3C procedure (see text for details). 
 
 
within a population of yeast cells. These interactions can be quantitatively detected using 
PCR analysis with primers specific for the restriction enzyme fragments of interest. 
Primers were designed on the same side of each EcoR1 fragment so that only when they 
are brought into close proximity, cross-linked and ligated, would they generate novel 
junctions which are not present in the genome (Fig. 2-1). To control for primer efficiency 
and PCR variations we also generated a control template from non-crosslinked cells 
which should contain all the interactions in equal amounts. The ratio of the interactions in 
the cross-linked template to the control template denotes the frequency of interactions for 
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a particular pair of fragments and therefore their proximity in space (Dekker et al. 2002).  
As shown in Figure 2-3 and 2-4, the interactions between fragments decrease 
exponentially with distance on a normal chromatin fiber in cis. 
 
Increased DSB-donor interactions during repair 
A single DSB was created within the MAT locus on yeast chromosome III by 
expression of the HO endonuclease from the galactose-inducible GAL10 promoter 
(Paques and Haber 1999). This DSB is normally repaired using homologous sequences 
located at two silenced HM donor loci (HMLα and HMRa) on each end of the same 
chromosome, with MATa and MATα strains preferentially using information from HML 
and HMR, respectively (Paques and Haber 1999). We reasoned that if 3C can detect 
dynamic changes in chromosome structure, it should be possible to detect interactions 
between the DSB and the silent mating type donor in switching cells (Lee et al. 1998). 
~60% of the cells induce a DSB within 30 minutes with nearly 90% DSB induction by 1 
hour. Strand invasion product is not detectable by PCR in 30 minutes, but is already 
present by 1 hour (data not shown). In order to determine the status of pairing/looping of 
the DSB region with the donor before and during strand invasion, formaldehyde was 
added to intact cells to capture chromosome interactions, 0.5 and 1 hour after DSB 
induction by addition of galactose. Cells were then lysed, crosslinked chromatin was 
digested to completion with EcoRI and religated under dilute conditions to generate novel 
EcoRI junctions. PCRs were carried out using specific primers for the EcoRI junctions 
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around the DSB as well as around the donor. To detect DSB specific looping of the Mata 
region to the donor - HMLα - we used a primer specific to the 3’ end of the EcoRI 
  
   0.5 hours     1.0 hours 
 
Figure 2-2: Looping of the DSB to the donor. 3C was used to detect looping between the 
‘donor’ HML region on the left arm of chromosome 3 and the DSB on the right arm in a strain 
which has both donors intact, JKM154. Cells were cross-linked 0.5 and 1 hour after galactose 
induction and taken through the 3C procedure. The fragment containing HML was used as the 
‘bait’ fragment. The graphs show the ratio of interactions at 0.5 hours (left) and 1 hour (right) 
after DSB induction to interactions between the very same primers before DSB induction. Error 
bars represent one standard deviation from the mean for three separate PCR reactions. 
Interactions with HML were also separately confirmed by real-time PCR (data not shown).  
 
fragment harboring the donor region and used PCR to detect its interactions with a set of 
primers spanning the EcoRI fragments around the DSB region up to 10kb on each side. 
We discovered that not only was it possible to detect looping of the MAT region to the 
donor, but that this occurred well in advance of strand invasion and reached near-
maximal levels by 30 minutes after DSB induction (Figure 2-2). Moreover, the CEN-
distal side of the DSB, which harbors the invading fragment, shows a higher increase in 
specific 3C interactions with the donor region when compared to the CEN-proximal part 
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which does not take part in strand invasion. This observation could result from the 
invading strand showing higher association with the donor or topological constraints on 
the shape of chromosome III. 
These results agree well with published data on strand invasion during mating 
type switching using GFP-tagged loci next to the DSB and the donor (Houston and 
Broach 2006). We conclude that interactions between the donor and the DSB precede 
recombination and are highly dynamic. 
 
3C interactions in the region surrounding a DSB 
We also analyzed the interactions of the fragment bearing the DSB with the 
surrounding 100 kb region of chromatin. The aim of this assay was two-fold. First, we 
wanted to analyze the possibility that there may be minor changes in the 3C interactions 
between the two sides of the DSB caused by the disruption of chromatin at the break. 
Indeed, current data show that the anchoring of the broken DNA may be accomplished 
through at least 3 independent mechanisms. The first mechanism is the binding of the 
MRN complex to the two ends of the DSB (Kaye et al. 2004; Lobachev et al. 2004; 
Williams et al. 2008), The second mechanism is the binding of the Ku70/80 heterodimer 
(Soutoglou et al. 2007). The third mechanism is proposed to act through γ-H2AX which 
acts to recruit a DSB specific cohesin domain in a region of ~50kb on either side of the 
DSB (Ström et al. 2004; Ünal et al. 2004; Franco et al. 2006). Arguably the cohesion 
loading has a greater role in sister-chromatid cohesion rather than DSB-end cohesion. 
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Figure 2-3: A single DNA DSB causes a decrease in chromosome interaction frequencies. 
(A) 3C interactions of the DSB region with ~100 kb of surrounding region in the absence of a 
DSB and at 30 minutes after galactose addition. Interactions were measured between fragments in 
the ‘switching’ strain CY924 using specific primers as described in Figure 2-3. Interactions were 
determined 30 minutes post-DSB induction and not later to avoid the presence of repair product 
which may influence 3C outcome. (B) 3C interactions were determined for a ~100kb region on 
chromosome VI. These interactions were compared between the two templates and the correction 
factor determined for experimental variation. This correction factor was then used to normalize 
interactions at the DSB. Error bars represent one standard deviation from the mean for three 
separate PCR reactions. Each experiment was repeated at least twice. 
 
In addition, it has been suggested that the propagation of γ-H2AX and ATM to 
50kb on either side from the DSB may be a result of a looping mechanism which 
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constrains the spread of these domains further but also facilitates their spreading within 
the loop (Bassing and Alt 2004; Kim et al. 2007). Indeed, it was shown recently that 
heterochromatin, while refractory to H2AX phosphorylation was not a barrier to its 
spread, suggesting that this spread does not occur along chromatin, but may be the result 
of loop-formation (Kim et al. 2007). The second aim of the assay was to test if we can 
detect loop formation using 3C within the 50kb region around the DSB. 
Chromosome interactions were detected by PCR, using a common “anchor” 
primer located on the EcoRI fragment bearing the DSB in combination with primers that 
monitor each of the EcoRI fragments within a ~100 kb region that surrounds the DSB 
(Figure 2-4, schematic). We found that the while there was a decrease in interactions of 
the EcoRI fragment bearing the DSB throughout the 100 kb region, there was no specific 
fall in interactions across the break (Figure 2-3). Indeed, the chromatin fiber seemed to 
maintain its integrity very well and within the limits of detection by 3C did not undergo 
any major changes in structure or compaction. The slight decrease in 3C interactions we 
observe with the fragment carrying the DSB is probably due to the fact that the DSB 
fragment is now interacting quite frequently with the fragment bearing the donor – 
resulting in a relative decrease in its interactions with its neighboring fragments when 
compared to before DSB induction. Thus, though we see a change in chromosome 
dynamics induced by a DSB at MAT, it is still unclear whether a DSB by itself is playing 
any role in altering the conformation of the chromosome.  
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Figure 2-4: Decrease in 3C interactions in a donorless strain. (A), (B) 3C interactions of the 
DSB region with ~100 kb of surrounding region in the absence of a DSB and at 1 hour (A) and 2 
hour (B) after galactose addition in JKM179 which does not have donors.The DSB (HO-cs) is 
located on a ~6kb EcoRI restriction fragment (see Fig. S4). Using a primer at the 3’ end of the 
DSB-containing EcoRI fragment, we determined its interactions with the surrounding region by 
PCR using specific primers for each fragment. Primers are shown as small arrows below the 
schematic. Interactions were normalized to a region on chromosome VI to adjust for experimental 
variation (see Fig. 2-3).  (C) The decrease in 3C interactions is not a property of the MAT 
sequences and does not occur in the absence of a DSB. A DSB was introduced at the LEU2 locus 
on chromosome III in the strain YMV45 in which the HO recognition site at MAT and the donors 
are deleted. 3C interactions were determined using the same primer pairs as in (A) albeit in the 
absence of a DSB at MAT. In all the panels, error bars represent one standard deviation from the 
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mean for three separate PCRs. Results were confirmed with at least two independent 3C 
templates. 
 
 
   
 
   
 
Figure 2-5: The DSB dependent decrease in 3C interactions is not specific to a DSB at MAT. 
An HO-cs was integrated at the URA3 locus on chromosome V in CY915 to generate CY1442 
(see methods), and a DSB was induced by expressing HO endonuclease for 1 hour. 3C 
interactions between the DSB bearing EcoRI fragment and flanking fragments were determined 
as in Fig. 1A. 3C interactions were normalized to a region on chromosome VI. Error bars 
represent one standard deviation from the mean for three separate PCRs.  
 
  
To address this question we induced a DSB in a yeast strain where the HML and 
HMR donor loci have been deleted, thus ensuring that the DSB cannot be repaired by HR 
(Figure 2-4; Lee et al., 1998). 3C analysis in this “donorless” strain showed a dramatic 
decrease in the interaction frequencies between the fragment bearing the DSB and the 
surrounding fragments (Figure 2-4A, B). These DSB-induced changes in interaction 
frequencies were not unique to the MAT locus, as similar changes were observed in a 
strain where an HO-induced DSB was located on chromosome V (Figure 2-5). 
Importantly, no changes in interaction frequencies were detected on a chromosome that 
lacked the DSB (chromosome VI), nor were changes detected in a yeast strain that lacked 
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Figure 2-6: Decrease in long-range 3C interactions. (A) Formation of a DSB leads to 
chromosome-wide decreases in interactions frequencies. Using the same 3C template as in Fig 2-
4, 3C analysis was performed using an EcoRI fragment that is ~106 kb from the DSB. 
Interactions of this fragment were determined with EcoRI fragments close to the DSB by PCR 
with primers specific for each fragment. The interaction frequencies were normalized to 
frequencies in the absence of a DSB. The primer at the 4.5 kb EcoRI site measures the 
interactions with the fragment containing the DSB. The primer at the -2kb EcoRI site measures 
the interactions of the fragment immediately adjacent to the DSB site which is ~4kb in size. 
Hence, this interaction represents the interactions of the region from -2kb to -6kb from the DSB.  
(B) Interchromosomal 3C interactions with the DSB region also decrease. 3C interactions of the 
EcoRI fragments next to and bearing the DSB - (2) and (3) respectively, were determined with 
EcoRI fragments from the chromosome III sub-telomeric region, the left-arm of chromosome I, 
and the right arm of chromosome XV. The control primer (1) is the same one used in (A). 
Interactions were normalized to a region on chromosome VI to control for experimental variation. 
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In all the panels, error bars represent one standard deviation from the mean for three separate 
PCRs. Results were confirmed with at least two independent 3C templates. 
 
 
the HO recognition sequence at MAT (Figure 2-3B and 2-4C respectively). In addition, 
there was no increase in interactions of the DSB region with the fragments located ~40-
50kb away, ruling out the formation of a chromatin loop to allow the transmission of 
signaling molecules between these regions. 
To further determine the extent of the decrease in chromosome interactions, we 
chose an EcoRI fragment ~100kb distal from the DSB and found that its interactions were 
also decreased with the fragments next to and bearing the DSB (Figure 2-6A). In 
addition, to determine if the decrease extends to inter-chromosome interactions, we 
monitored interactions between the two fragments flanking the DSB with regions on 
other chromosomes (Figure 2-6B). In each case we detected decreased interaction 
frequencies, and thus the DSB region appears to be generally sequestered from 
chromosome interactions located in cis and in trans. This latter finding was particularly 
surprising because we expected to see a generalized non-specific increase in 3C 
interactions as the DSB is to be able to search the entire genome and find homology 
(Vaze et al. 2002). 
 
What causes the decreased 3C interactions? 
An HO-induced DSB is processed for recombinational repair by exonucleolytic 
removal of the 5’ to 3’ strands (Paques and Haber 1999).  To determine if processing of a 
DSB is required for the observed changes in chromatin interactions, we induced HO 
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expression and performed 3C analyses in G1-arrested, donorless cells in which 
exonucleolytic processing of a DSB does not occur (Ira et al. 2004). To our surprise, 
induction of a DSB in G1 cells did not lead to changes in interaction frequencies (Figure 
2-7). Given that DSB formation, detection, checkpoint activation, phosphorylation of 
histone H2A.X, and recruitment of chromatin remodeling enzymes occur normally at 
DSB sites in G1-arrested cells (Ira et al. 2004; Shroff et al. 2004; Shim et al. 2007), our 
results suggest that these processes are likely not sufficient for the changes in 3C 
interactions detected in cycling cells. Moreover, these findings confirm the absence of 
any significant dissociation of the two DSB ends. 
To test whether phosphorylation of histone H2AX has any role in the decrease in 
chromatin interactions as well as in holding the DSB ends together, we proceeded to 
conduct 3C analysis in a non-phosphorylable mutant of histone H2A (H2AS129A). The 
changes seen after DSB induction in 3C interaction frequencies were reproduced in the 
histone mutant – thus ruling the possibility that γ-H2AX causes a change in chromosome 
conformation (Figure 2-7C). Furthermore, there was no large decrease in 3C interactions 
of two EcoRI fragments flanking the DSB – a result that would be expected in the case of 
significant dissociation of the DSB ends. It is important to note that the resolution of 3C 
is limited by the fragment size used by analysis, and hence minor separation of the DSB 
ends as shown by Soutoglou et. al. was not picked up (Soutoglou et al. 2007). Moreover, 
recruitment of cohesin and INO80 requires H2AX phosphorylation and therefore they are 
unlikely to play a role in this process (Downs et al. 2004; Ünal et al. 2004). 
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Figure 2-7: Decrease in 3C interactions is not dependent to H2AX phosphorylation and does 
not occur in G1 arrested cells. (A), (B) Controls for G1 arrest and DSB induction in G1 arrested 
wild-type cells. Cells were treated for 2.5 hours at 30°C with 4 μM α−factor. The arrest was 
monitored by FACS analysis. An HO-induced DSB was formed in G1-arrested cells by addition 
of 2% galactose. ~90% DSB formation was achieved by 30 minutes. (C), (D) 3C analysis was 
carried out 1 hour after DSB induction with galactose as outlined in Figure 2-4. DSB induction 
was equivalent in non-phosphorylable H2A S129A cells. Error bars represent one standard 
deviation from the mean for three separate PCRs. Results were confirmed with at least two 
independent 3C templates. 
 
68 
 
Another question which we sought to answer through the application of 3C to 
nucleus-wide analysis of the interactions of the DSB was whether multiple DSB can 
coalesce to form so called “repair factories”. The existence of these has been suggested 
by experiments in yeast, as well as mammalian cells (Lisby et al. 2003; Aten et al. 2004). 
However, other studies in mammalian cells have remarked on the positional stability of 
DSBs, failing to detect any movement towards forming repair centers (Nelms et al. 1998; 
Kruhlak et al. 2006; Soutoglou et al. 2007). Nonetheless, the absence of chromosome 
territoriality in yeast makes the formation of these centers a real possibility, a feature that 
is not shared with mammalian cells (Haber and Leung 1996). Also, there are notable 
differences in repair pathway choice between mammalian and yeast cells which may also 
have a bearing on these phenomena. 
To test the possibility that two DSBs come together in yeast, we integrated a 36bp 
HO endonuclease recognition site on chromosome V at the URA3 locus in CY915, the 
donorless strain. Thus, we generated a strain harboring the 2 chromosomal DSB sites 
with only ~15 bp of homology on each side to check for interactions between the two 
breaks. Surprisingly, we did not see a large increase in interactions between the two 
EcoRI fragments bearing the DSB (data not shown). The DSB on chromosome V can be 
repaired by SSA since it is flanked on both sides by the URA3 gene (although, no repair 
is seen within 1-2 hours by southern), while the one on chromosome III is not repairable. 
This result raises the possibility that DSBs which undergo different repair processes do 
not interact. Additionally, we do not have repetitive elements next to our DSBs, which 
may be another cause for their interactions in other studies. A major caveat of these 
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experiments is the extremely low interaction frequencies seen in the inter-chromosomal 
interactions which made the determination of any change in interaction frequency very 
difficult. Although, we did not observe a large increase in interactions among the two 
DSBs, a slight increase could have been missed due to the above mentioned caveat. More 
work needs to be undertaken to determine if we do see increased interchromosomal 
interactions as a result of two unrepairable breaks in the same nucleus. 
 
A.  B.
  
 
Figure 2-8: DSB end-processing does not correlate with changes in 3C interaction 
frequencies. (A) Resection of an HO-induced DSB was monitored by the efficiency of EcoRI 
digestion of a fragment that bears the DSB. One EcoRI site is ~4kb to the right of the DSB (upper 
schematic) and the percentage of that site which can be digested (not processed) is shown at 
various times after induction of the DSB. Blots were quantified by ImageJ, stripped, reprobed and 
normalized to the ENA1 ORF. Note that 90% of the EcoRI site is still intact 2 hours following 
galactose addition. (B) Resection and/or Rad51 loading do not significantly affect the efficiency 
of EcoRI digestion at sites adjacent to the DSB. Wild-type and rad51cells were cross-linked 
prior to and 2 hours after DSB induction and taken through the 3C procedure. However, after 
digestion with EcoRI, cross-links were reversed, DNA was purified, and primers were used to 
PCR amplify across various EcoRI sites. For reference, sites (1), (2) and (3) correspond to the 
same EcoRI sites shown in Fig. 2-5.  
 
 
How can processing of the DSB lead to changes in chromosome interaction 
frequencies?  One trivial possibility is that processing of the DSB results in the 
destruction of the EcoRI sites that are located ~4 kb and 2.5kb from the DSB. However, 
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we find that 90% of cells still harbor the EcoRI site that is 4kb from the DSB even 2 
hours after induction of HO (Figure 2-8A). In addition, we isolated DNA from 3C 
preparations prior to the ligation step and analyzed the efficiency of EcoRI cleavage by 
semi-quantitative PCR analysis. As shown in Figure 2-8B, the EcoRI site adjacent to the 
DSB is cleaved as efficiently as a control site on Chromosome V, even 2 hours after DSB 
induction. Thus, the accessibility of the EcoRI site is unaltered after induction of a DSB 
and considerable end-processing. Furthermore, we have found that the efficiency of 
EcoRI cleavage in 3C samples provides a qualitative measurement of the extent of 
formaldehyde crosslinking, and thus, the nearly equivalent levels of EcoRI cleavage in 
samples that contain or lack a DSB indicate that processing of the DSB does not alter 
crosslinking efficiency (Dekker 2007). 
Since processing of the DSB is essential for repair by HR, we tested whether 
components of the recombinational repair machinery might be required for the observed 
changes in chromosome interaction frequencies. Deletion of the gene that encodes Rad51 
or its loading factor, Rad52p, eliminated the DSB-induced changes in interaction 
frequencies in the donorless strain (Fig. 2-9A, B). Importantly, neither of these mutations 
alters the rate or efficiency of DSB processing (Lee et al. 2003), providing further 
confirmation that processing is not sufficient to alter 3C interactions. In contrast, removal 
of either Rad54p or Rad55p, neither of which are essential for full recruitment of Rad51 
(Sugawara et al. 2003; Wolner and Peterson 2005), did not alter DSB-induced changes in 
interaction frequencies (Figure 2-9C, D). These data suggest that the decrease in 
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chromosome interactions seen in the vicinity of a DSB depends on the Rad52-dependent 
loading of Rad51 onto a processed DNA DSB. 
 
Discussion: 
We have used a novel technique, Chromosome Conformation Capture (3C) to 
examine the effect of a single DNA double-strand break on higher order chromatin 
structure. We show that the presence of a single DSB does not induce a large-scale 
change in chromosome structure. We further show that HR involves a looping interaction 
between the donor and the DSB as well as a decrease in interactions of the DSB region 
with its surroundings. Moreover, even in the absence of a donor, end- processing of the 
DSB ends and Rad51 loading cause a decrease in interactions of the DSB with all other 
chromatin. This decrease is not dependent on H2A.X phosphorylation but requires Rad51 
loading at the site of a DSB.  
The resolution of the 3C technique is restricted to a few kb by the distribution of 
restriction enzyme sites used. Therefore, any change in chromosome structure limited to a 
smaller region may be missed, such as a minor separation of the DSB ends as seen by 
others (Soutoglou et al. 2007). However, we can show that any such separation is 
necessarily minor due to the fact that the flexibility and interactions of the two sides with 
each-other are unaltered (Figure 2-6C). Also, in cycling cells the decrease in interactions 
occurs in a bilaterally symmetrical manner, implying that there is no large-scale 
separation of the two ends of the DSB in agreement with current knowledge (Kaye et al. 
2004; Lobachev et al. 2004). Moreover, the process of NHEJ which predominates in G1  
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Figure 2-9: Decrease in 3C interactions is lost in mutants of the HR pathway. (A) rad51Δ, 
(B) rad52Δ, (C) rad54Δ and (D) rad55Δ strains were constructed with one-step PCR based gene 
disruption from CY915. The 3C interactions were determined in asynchronous cells between the 
DSB-bearing fragment and the surrounding regions as described in Fig. 2-3. Southern blots 
showing equivalent break-induction are shown on the right in each panel. Southern blotting was 
carried out in parallel with each 3C experiment. Note that the rad55 strain being MATa produces 
a different size band by southern. Error bars represent one standard deviation from the mean for 
three separate PCRs. Results were confirmed with at least two independent 3C templates. 
 
 
phase of the cell-cycle in yeast also does not require or induce any chromosomal 
alterations. This result also agrees with recent findings in mammalian cells showing the 
relative immobility of DSBs which are presumably repaired by NHEJ (Soutoglou et al. 
2007).  
The process of homologous recombination is different from NHEJ in several 
regards. While the MRX complex is recruited to the DSB in all phases of the cell cycle 
(Shroff et al. 2004), in cycling cells it induces end-resection of the DSB in S/G2. This 
leads to the formation of ssDNA and the recruitment RPA which binds to and removes 
any secondary structure of the ssDNA. Rad52 loads Rad51 onto ssDNA dislodging RPA 
in the process and forming a Rad51-DNA filament capable of strand invasion and HR 
(Sung et al. 2003).  We show that the processing of the DSB for repair by HR causes a 
Rad51 dependent decrease in interactions of the DSB-bearing fragment with its 
neighboring fragments of DNA. This could mean that the region of DNA has moved 
from its usual location within the nucleus and now resides at some new location causing a 
decrease in interactions with its (previous) neighbors. For a strain which has a 
homologous donor, we found that the DSB does indeed seem to re-locate to the vicinity 
of the donor. Thus, when a homologous donor is present, the invading strand efficiently 
finds it and the conformation of the chromosome changes to enable or facilitate HR.  
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However, when the donors are deleted, we still see the decreased interactions in 
the neighborhood of the DSB by 3C. Since there is no homology for this region within 
the genome, we expected to see a generalized increase in 3C interactions as it samples the 
entire nucleus during homology search. Surprisingly, we found that the decrease in 
interactions was universal with respect to various regions of DNA which we tested. It has 
recently been suggested that HR in yeast involves the recruitment of chromatin 
remodeling complexes - INO80, RSC Rad54, SWI/SNF, SWR1 to the DSB and 
consequent eviction of nucleosomes (Morrison et al. 2004; van Attikum et al. 2004; Chai 
et al. 2005; Tsukuda et al. 2005; Shim et al. 2007). It is conceivable that the loss of 
nucleosomes could make the DNA less amenable to cross-linking and lead to a decrease 
in interactions of that region. However, we find no co-relation between the loss of 
nucleosomes and the change seen in 3C interactions. Loss of nucleosomes is seen in a 
relatively small region <1kb on either side of a DSB within 1 hour of induction of a DSB 
which is consistent with the eviction/displacement of 1-2 nucleosomes only (Kent et al. 
2007; Shim et al. 2007). Also, loss of nucleosomes is found to be equally efficient in both 
cycling and G1 arrested cells. If the loss of nucleosomes was contributing to the decrease 
in 3C interactions, only the fragment bearing the DSB would show any major change in 
interactions as it represents the interactions of the region from -2kb to the left to +4kb to 
the right of the DSB. However, we also see that the fragment next to the DSB on its left 
also has an equally significant loss of interactions. This fragment represents interactions 
at a distance from -8kb to -2kb to the left of the DSB and should be unaffected by loss of 
nucleosomes. 
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The most likely possibility for the genome-wide decrease in interactions with the 
DSB is that the DSB-bearing region is isolated from all interactions within the nucleus. 
We propose that this may be accomplished in two not mutually exclusive manners. (a) 
Sequestration of the DSB-bearing region of DNA within the nucleus to locations where it 
is removed from interacting DNA, such as the nuclear periphery. (b) Protection of the 
DSB by the formation of a specialized (decondensed) region of chromatin around the 
DSB or reduced mobility of the DSB causing a decrease in its interactions with various 
regions of DNA. 
The sequestration hypothesis is supported by the fact that a number of 
components of the Nup84 complex of nucleoporins which are a part of the nuclear pore 
complex (NPC) show synthetic lethality in screens with all of the RAD52 epistasis group 
of genes (Loeillet et al. 2005). These genes could act by sequestering the DSB to the NPC 
and thus helping to protect the primed DSB from recombining randomly and increasing 
the efficiency of DSB repair. Further, the observation that there are increased number of 
Rad52 foci in these mutant cells (Loeillet et al. 2005) could be a result of defective 
sequestration of the DSBs in the absence of these components – i.e. sequestered DSBs 
may actually form fewer foci as they could be sequestered to the same place. Moreover, 
these NPC components have been shown recently to play a major role in sub-telomeric 
repair of DSBs (Therizols et al. 2006). Importantly, in the assays used, HR mechanisms 
including gene conversion and recombination between repeats play an important role in 
sub-telomeric regions, while in the central regions of the chromosome, NHEJ seems to 
predominate (Ricchetti et al. 2003). Accordingly, the Nup84 complex may play a special 
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role in HR and not in NHEJ. Separately, in a genome-wide screen for radiation 
sensitivity, components of the Nup84 complex were isolated and more importantly, a 
nup84Δ strain showed defective repair of an HO induced DSB (Bennett et al. 2001). If 
sequestration of the DSB is indeed causing the decrease in interactions during HR, our 
data shows that there is a Rad51 dependent recruitment of the DSB to the NPC via 
interactions with the Nup84 complex. The various components of the Nup84 complex 
may play redundant roles in this sequestration which may be important for HR. 
The protection model is supported by recent evidence in mammalian cells for 
decondensation of chromatin in regions surrounding DSBs generated by irradiation 
(Kruhlak et al. 2006). Moreover, this decondensation may represent the formation of 
repair centers whose existence has been proposed as a means to increase the efficiency of 
the homologous recombinational repair in the face of large amounts of damage, both 
endogenous as well as exogenous (Lisby et al. 2003; Lisby and Rothstein 2004). It is 
readily conceivable that such centers would be isolated from the rest of the genome to 
protect the damaged DNA as well as to prevent spurious recombination. The Rad51 
filament may be a requirement for the recruitment of DSBs into such foci. Indeed, Rad51 
has been shown to be one of the core proteins which participate in the formation of these 
foci. Although, the other proteins are turned over quite rapidly, there is no exchange of 
Rad51 with the cytoplasm, further emphasizing the central nature of Rad51 in the 
formation of repair foci (van Veelen et al. 2005; Modesti et al. 2007). Moreover, since 
there are numerous such centers in the nucleus, the DSBs probably need to be formed 
within a certain distance of each other in order to be recruited to the same repair center 
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(Aten et al. 2004). Indeed, we were unable to detect a significant increase in interactions 
between two DSBs induced on two different chromosomes. It would be interesting to 
induce DSBs in close vicinity and observe possible interactions within their surrounding 
loci by the 3C technique. Alternatively, the type of repair may also play a role in 
clustering. The breaks we induced include one which is unrepairable, and another which 
is repaired rather quickly by SSA, while breaks induced by ionizing radiation are 
presumably quite similar and may be preferentially recruited to the same repair center. 
Additionally, as noted above, the two hypotheses are not mutually exclusive. It is 
entirely possible that sequestration of the DSBs by NPCs or other components may itself 
result in the aggregation of several DSBs depending on the number of DSBs and NPCs in 
the nucleus. Thus, sequestration may in effect lead to protection of the DSBs. Rad51, 
along with Rad52 may act as recruitment machinery to a specific nuclear location such as 
an NPC or to repair centers within the nuclei. Whether this requires interactions with the 
components of the NPC or the nuclear structural proteins are also very interesting 
questions which will help us understand these functions of Rad51 in homologous 
recombination.  
 
 
Materials and Methods 
 
Methods are described in Chapter 3. 
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CHAPTER 3 
 
RELOCALIZATION OF A PERSISTANT DNA DSB TO THE 
NUCLEAR PERIPHERY THROUGH TELOMERASE 
RECRUITMENT 
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Introduction 
DNA double-strand breaks (DSBs) are among the most deleterious and ubiquitous 
forms of genomic damage. A single human cell needs to detect and repair tens of DSBs 
every day (Vilenchik and Knudson 2003). The fact that most cells survive and proliferate 
despite this level of genomic damage suggests that they have developed a sophisticated 
DSB detection and repair system. Much of the damage that occurs in a cell is endogenous 
in nature. A major source of endogenous DSBs is the result of replication fork collapse at 
single strand lesions (mispairing, abasic sites, nicks, etc.) during S phase. Induced DSBs 
are less common and occur as a result of exposure to chemical mutagens and ionizing 
radiation. However, not all DSBs are damaging in nature. There are specialized 
mechanisms for DSB production which operate during meiosis and during immune cell 
differentiation to generate distinct DNA recombinants [(Bassing and Alt 2004; Keeney 
and Neale 2006) and references therein].  
DSBs are repaired by two major pathways -- homologous recombination (HR) 
and non-homologous end joining (NHEJ), both of which are well-conserved from yeast 
to humans (Paques and Haber 1999). HR is an error-free process in which a homologous 
donor sequence is used as a template to repair the DSB. This repair event occurs 
primarily in the G2 phase of the cell cycle when the homologous sister chromatid is 
available as the donor (Sung et al. 2003).  In contrast, NHEJ involves error-prone end-to-
end ligation of the DSB ends, and this pathway is most prevalent in G1 phase of both 
yeast and human cells (Riha et al. 2006). The choice of DSB repair by the HR or NHEJ 
pathway is dictated in part by the presence or absence of 5’ to 3’ resection of the DNA 
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ends. This resection has been shown to be controlled by CDK and cyclin activity which is 
cell-cycle specific (Aylon et al. 2004; Ira et al. 2004). Processing of the DNA ends 
generates long 3’ single stranded tails that provide a substrate for Rad52p-mediated 
formation of a Rad51 nucleoprotein filament. This nucleoprotein filament performs the 
homology search, followed by strand invasion to form a joint molecule that is a 
prerequisite for the subsequent recombination events (Paques and Haber 1999).  
 In addition to HR and NHEJ, cells can use alternative repair pathways to heal the 
chromosome, often leading to gross chromosomal rearrangements (GCRs). Spontaneous 
GCRs are most likely due to stalling and collapse of replication forks which lead to 
DSBs. GCRs include non-reciprocal translocations, chromosome fusions, and 
isoduplications (Pennaneach et al. 2006). Interestingly these rearrangements reflect much 
of the genomic instability seen in cancer cells. The NHEJ machinery appears to facilitate 
formation of spontaneous translocation events, as inactivation of the Lig4p component 
suppresses chromosome translocations caused by the inactivation of Rad52p, Mre11p, or 
Rfa1p (Myung et al. 2001; Myung and Kolodner 2003). Typically, however, 
translocations constitute a minor percentage of GCR events, whereas most GCRs are a 
result of deletion and loss of genetic material distal to the DSB and subsequent de novo 
telomere addition. These events probably occur in the S-G2 phase of the cell-cycle when 
telomerase activity is the highest (Diede and Gottschling 1999). It is unclear whether de 
novo telomere addition is an aberrant pathway resulting from telomerase recruitment to a 
DSB that is masquerading as a chromosome end or whether it represents a bona fide 
repair pathway. This question is further complicated by the fact that much of the DNA 
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damage/checkpoint response consists of proteins that are also implicated in telomere 
homeostasis (Viscardi et al. 2005). 
 Several studies have defined mechanisms for recruitment of telomerase to a 
telomere DNA end during S phase (Diede and Gottschling 1999; Diede and Gottschling 
2001; Bianchi et al. 2004; Bianchi and Shore 2008). The yeast telomerase complex 
consists of Est1p, Est2p (the catalytic component), Est3p, Sm proteins, and the TLC1 
RNA (Seto et al. 1999). At natural telomeric ends, long tracts of single stranded, TG1-3 
telomeric repeats provide high affinity binding sites for Cdc13, a single-stranded DNA 
binding protein which recruits the telomerase machinery by direct interactions with the 
Est1p subunit (Bianchi et al. 2004). A second pathway for telomerase recruitment also 
exists which involves interactions between TLC1, Est2p, and the Ku70/80 heterodimer 
(Stellwagen et al. 2003; Chan et al. 2008) and may involve an independent role for RPA 
(Schramke et al. 2004). This latter mechanism appears to play a key role in de novo 
telomere formation at DSBs that lack extensive TG repeats (Stellwagen et al. 2003; 
Negrini et al. 2007). 
 Spontaneous GCR events are suppressed by numerous mechanisms, including 
intact HR and NHEJ pathways (e.g. Rad52p, Lig4p), inhibitors of telomerase (e.g. Pif1p), 
and a functional DNA damage checkpoint response (e.g. Mre11p, Mec1p; (Myung et al. 
2001).  Several studies have shown that a SUMO-dependent ubiquitin ligase complex, 
Slx5p/Slx8p, also suppresses GCR events (Zhang et al. 2006; Nagai et al. 2008).  
Slx5p/Slx8p are associated with the Nup84 nuclear pore subcomplex, and they can be 
crosslinked to chromatin surrounding an un-repaired DSB (Nagai et al. 2008). Gasser and 
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colleagues have proposed that Slx5p/Slx8p may target unrepaired DSBs for a SUMO-
dependent ubiquitinylation event at the nuclear periphery that activates an alternative 
repair pathway and suppresses GCR events (Nagai et al. 2008).  
 
Results 
Re-localization of an un-repairable DSB to the nuclear periphery 
Our 3C studies indicate that chromatin surrounding the DSB becomes partially 
sequestered from other chromosomal interactions. This might occur if the DSB becomes 
compartmentalized within the nucleus, restricting its ability to interact with other 
chromatin regions in cis and/or in trans. To directly visualize the position of DSBs in the 
nucleus, we created two donorless yeast strains that contained integrated arrays of lac 
operators (LacOR) adjacent to an HO recognition site at either the MAT locus on 
chromosome III or on the arm of chromosome VII [Figure 3-1A,E; (Belmont and Straight 
1998)].  The expression of a LacI-GFP fusion protein along with the nucleoporin Nup49 
fused to GFP, allowed us to visualize the LacOR in interphase cells and determine its 
position relative to the nuclear periphery. In the absence of a DSB, the LacOR was found 
at the nuclear periphery in ~30-40% of cells (Figure 3-1; zone 1 represents the outer 33% 
cross-sectional area of one focal plane of the nucleus and thus a value of 33% represents 
random distribution; (Hediger et al. 2002b). However, following formation of the HO-
induced DSB, we observe an increase in the percentage of LacOR foci localized to the 
nuclear periphery for both DSB locations, consistent with a recent study (Nagai et al. 
2008). Enhanced peripheral localization was detected within 30 minutes of galactose 
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Figure 3-1. DSBs are sequestered at the nuclear periphery by Mps3. (A) Schematic of ~256 
LacOR sites integrated at ARS313, which is located on the arm of chromosome III ~6 kb from the 
HO cleavage site at MAT. Following induction of the DSB with 2% galactose, the percentage of 
wild-type and mps3Δ75-150 cells showing localization of this chromosome to zone 1, the 
outermost region of the nucleus, was determined by epifluorescence microscopy. Localization to 
other zones is presented in Table S1. The red horizontal bar at 33% corresponds to a random 
distribution. (B) Cells were arrested in mitosis using 15 μg/ml nocodazole and 30 μg/ml benomyl 
at 25°C for 3 hours prior to induction or repression of HO for 2 hours with 2% galactose or 2% 
glucose, respectively. The distribution of ARS313 spots in zones 1, 2 and 3 are indicated. 
Confidence values (p) for the χ2 test were calculated for each dataset between random and test 
distributions. In addition, a χ2 test was also used to compare the distributions obtained between 
samples grown in glucose (expected) and galactose (observed); for wild-type p=1.9x10-4 and for 
mps3Δ75-150 p=7.8x10-6. The number of cells examined in each dataset is (n). (C) rad52Δ and 
rad54Δ cells containing the HO cleavage site at MAT and LacOR at ARS313 were grown and 
analyzed as in (a). (D).  Addition of 2% galactose induced an HO-cleavage at MAT on 
chromosome III in wild-type and mps3Δ75-150 cells containing the MATa-inc donor sequence at 
ARG5,6 on chromosome V (top two schematics). Localization was monitored as in (A) using 
LacOR sites integrated at ARS313 (top schematic) or iYER066W (middle schematic), 
respectively, as indicated in the schematic. The “donorless” strain (SLJ2826) contains ~256 
LacOR sites on chromosome V but lacks MATa-inc (bottom schematic). (E) Wild-type and 
mps3Δ75-150 cells containing ~256 LacOR sites and an HO cleavage site integrated on the arm of 
chromosome VII were analyzed as in (A).  
 
 
addition, indicating that it occurs soon after DSB formation. DSB-induced peripheral 
localization increased with time, peaking at 60 minutes following DSB induction and 
persisting for at least 4 hours. Recruitment of LacOR to the nuclear membrane in the 
presence of a DSB was not due to changes in cell cycle position since it was also 
observed in cells arrested in metaphase prior to HO induction (Figure 3-1B). Importantly, 
a LacOR located on chromosome VI did not re-localize to the nuclear periphery in 
response to an HO-induced DSB on chromosome III (Figure 3-2 and Table 1).  
Furthermore, as was the case for changes in chromosome interactions, the DSB-induced 
changes in nuclear localization require Rad52p, but not Rad54p (Figure. 3-1C).   
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A. 
B. 
 
 
Figure 3-2. DNA damage foci are recruited to the nuclear periphery by the Mps3 N-
terminus. (A) 2% galactose or 2% glucose was added to wild-type and mps3Δ75-150 cells 
containing a HO-cs at MAT and LacOR sites at ARS313 to induce or repress HO expression, 
respectively. Representative single plane images showing Nup49-GFP and the ARS313 locus 
(marked by GFP-LacI) after 1 hour are shown. In some cells, the LacOR is in a different focal 
plane. Bar, 5 μm. (B) A wild-type strain containing Nup49-GFP, a HO-cs at MAT on 
chromosome III, and LacOR on the arm of chromosome VI was created in CY915. Localization 
of chromosome VI arm to the nuclear periphery after induction of a DSB at MAT was analyzed 
as described in Fig. 3a and compared to wild-type cells containing LacOR sites linked to the HO 
break site on chromosome III (SLJ2698).  
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Figure 3-3 Deletion of the N-terminus of MPS3 results in a loss of the DSB induced decrease 
in 3C interactions. 3C analysis was carried out as described in Figure 2-4 in a donorless 
mps3Δ75-150 strain after DSB induction for 2 hours. Southern analysis was carried out in parallel 
to confirm DSB induction and resection equivalent to wild-type strains. Error bars represent one 
standard deviation from the mean for three PCRs. Each experiment was repeated with at least two 
different templates.  
 
 
Table 3-1. Recruitment of DSBs to the nuclear periphery. The sub-nuclear position of 
chromosomal foci was scored with respect to the distance from the nuclear envelope in a single 
plane image and assigned a position into one of three zones of equal volume. Zone 1 represents 
the outermost nuclear volume, where chromosomes are anchored at the nuclear membrane; zone 
2 is the intermediate zone where chromosomes may have partial contacts with the periphery; and 
zone 3 is the innermost region of the nucleus where chromosomes are not tethered. The number 
(and percentage) of foci located in zone 1, 2 and 3 of the nucleus as well as the total number of 
cells examined in each dataset is indicated (n). Confidence values (p) for the χ2 test were 
calculated for each dataset between random and test distributions.   
 
Figure 3-1A chromosome 3 arm 
time 
(min.) zone 1 zone 2 zone 3 n p 
wild-type 0 118 (46.1%) 85 (33.2%) 53 (20.7%) 256 4.2x10-6 
15 67 (46.5%) 58 (40.3%) 19 (13.2%) 144 1.3x10-6 
30 54 (45.0%) 45 (37.5%) 21 (17.5%) 120 6.9x10-4 
45 69 (57.5%) 35 (29.2%) 16 (13.3%) 120 1.5x10-8 
60 140 (68.6%) 49 (24.0%) 15 (7.4%) 204 2.1x10-27 
90 70 (53.4%) 42 (32.1%) 19 (14.5%) 131 3.3x10-8 
120 113 (59.5%) 50 (26.3%) 27 (14.2%) 190 2.6x10-14 
180 90 (53.9%) 52 (33.3%) 26 (15.6%) 167 7.6x10-9 
240 92 (51.1%) 58 (32.2%) 30 (16.7%) 180 1.1x10-7 
mps3Δ75-150 0 90 (32.8%) 116 (42.3%) 68 (24.8%) 274 1.8x10-3 
15 48 (35.0%) 42 (30.7%) 47 (34.3%) 137 0.80 
30 42 (34.7%) 40 (33.1%) 39 (32.2%) 121 0.94 
45 34 (31.8%) 38 (35.5%) 35 (32.7%) 107 0.89 
60 52 (34.2%) 60 (39.5%) 40 (26.3%) 152 0.14 
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90 42 (34.7%) 53 (43.8%) 26 (21.5%) 121 0.01 
120 42 (33.9%) 43 (34.7%) 39 (31.5%) 124 0.90 
180 53 (34.0%) 52 (33.3%) 51 (32.7%) 156 0.98 
240 52 (33.8%) 54 (35.1%) 48 (31.2%) 154 0.83 
Figure 3-1C chromosome 3 arm 
time 
(min.) zone 1 zone 2 zone 3 n p 
rad52Δ 0 57 (42.2%) 39 (28.9%) 39 (28.9%) 135 0.09 
30 38 (44.2%) 35 (40.7%) 13 (15.1%) 86 1.5x10-3 
60 63 (37.1%) 51 (30.0%) 56 (32.9%) 170 0.53 
90 55 (37.9%) 42 (29.0%) 48 (33.1%) 145 0.42 
120 35 (40.7%) 29 (33.7%) 22 (25.6%) 86 0.23 
rad54Δ 0 43 (39.8%) 37 (34.3%) 28 (25.9%) 108 0.21 
30 54 (50.5%) 31 (29.0%) 22 (20.5%) 107 4.8x10-4 
60 60 (69.0%) 13 (14.9%) 14 (16.1%) 87 1.6x10-11 
90 68 (61.8%) 29 (26.4%) 13 (11.8%) 110 3.3x10-10 
120 42 (60.0%) 19 (27.1%) 9 (12.9%) 70 4.7x10-6 
Figure 3-1D chromosome 7 arm 
time 
(min.) zone 1 zone 2 zone 3 n p 
wild-type 0 50 (31.8%) 61 (38.9%) 46 (29.3%) 157 0.32 
30 75 (43.4%) 64 (37.0%) 34 (19.7%) 173 4.1x10-4 
60 169 (64.5%) 61 (23.3%) 32 (12.2%) 262 1.2x10-26 
90 124 (55.9%) 59 (26.6%) 39 (17.6%) 222 2.6x10-12 
120 70 (53.0%) 36 (27.3%) 26 (19.7%) 132 5.6x10-6 
240 79 (49.4%) 49 (30.6%) 32 (20.0%) 160 2.4x10-5 
mps3Δ75-150 0 55 (32.9%) 54 (32.3%) 58 (34.7%) 167 0.93 
30 57 (34.3%) 52 (31.3%) 57 (34.3%) 166 0.86 
60 68 (32.9%) 70 (33.8%) 69 (33.3%) 207 0.99 
90 46 (31.5%) 50 (34.2%) 50 (34.2%) 146 0.90 
120 36 (34.0%) 37 (34.9%) 33 (31.1%) 106 0.88 
240 31 (33.0%) 32 (34.0%) 31 (33.0%) 94 0.99 
Figure 3-1E chromosome V MATa-inc 
time 
(min.) zone 1 zone 2 zone 3 n p 
wild-type 
MATa-inc 0 66 (34.2%) 73 (37.8%) 54 (28.0%) 193 0.24 
30 83 (39.0%) 80 (37.6%) 50 (23.4%) 213 9.2x10-3 
60 107 (57.5%) 52 (28.0%) 27 (14.5%) 186 4.9x10-8 
90 140 (65.4%) 50 (23.4%) 24 (11.2%) 214 2.8x10-23 
120 104 (60.8%) 49 (28.7%) 18 (10.5%) 171 3.5x10-15 
180 111 (47.4%) 67 (28.6%) 56 (24.0%) 234 1.9x10-5 
240 97 (43.9%) 75 (33.9%) 49 (22.2%) 221 3.9x10-4 
mps3Δ75-150 
MATa-inc 0 77 (32.9%) 80 (34.2%) 77 (32.9%) 234 0.96 
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30 57 (33.9%) 61 (36.3%) 50 (29.8%) 168 0.57 
60 65 (36.3%) 62 (34.6%) 52 (29.1%) 179 0.46 
90 55 (32.0%) 64 (37.2%) 53 (30.8%) 172 0.55 
120 57 (34.0%) 53 (31.5%) 58 (34.5%) 168 0.88 
180 53 (31.0%) 59 (34.5%) 59 (34.5%) 171 0.81 
240 57 (33.3%) 63 (36.9%) 51 (29.8%) 171 0.53 
wild-type 0 60 (34.5%) 58 (33.3%) 56 (32.3%) 174 0.93 
30 48 (34.8%) 46 (33.3%) 44 (31.9%) 138 0.92 
60 58 (34.7%) 56 (33.5%) 53 (31.8%) 167 0.89 
90 52 (33.1%) 58 (36.9%) 47 (30.0%) 157 0.56 
120 60 (34.9%) 59 (34.3%) 53 (30.8%) 172 0.79 
180 48 (33.1%) 53 (36.5%) 44 (30.4%) 145 0.66 
240 54 (34.1%) 53 (33.5%) 51 (32.3%) 158 0.96 
Figure 3-5B LacOR 
time 
(min.) zone 1 zone 2 zone 3 n p 
MAT locus 0 95 (44.6%) 60 (28.2%) 58 (27.2%) 213 2.2x10-3 
30 82 (47.1%) 57 (32.8%) 35 (20.1%) 174 7.2x10-5 
60 124 (66.3%) 47 (25.1%) 16 (8.6%) 187 2.8x10-22 
120 91 (59.1%) 40 (26.0%) 23 (14.9%) 154 2.5x10-11 
chr VI arm 
locus 0 62 (33.2%) 65 (34.8%) 60 (32.0%) 187 0.90 
30 65 (34.8%) 70 (37.4%) 52 (27.8%) 187 0.25 
60 82 (32.7%) 85 (33.8%) 84 (33.5%) 251 0.97 
120 65 (34.0%) 66 (34.6%) 60 (31.4%) 191 0.85 
  
 
 Mps3 is an essential inner nuclear envelope protein required for spindle pole body 
duplication and telomere positioning at the nuclear periphery (Jaspersen et al. 2002; 
Nishikawa et al. 2003; Antoniacci et al. 2007; Bupp et al. 2007).  Deletions of the acidic 
N-terminal domain of Mps3 (mps3Δ75-150), which is predicted to extend into the 
nucleoplasmic space, results in increased sensitivity to DNA damaging agents compared 
to wild-type cells (Figure 3-4). The Mps3 N-terminal domain is not essential for spindle-
pole body duplication, nor is it required for localization of Mps3 to the nuclear envelope 
(Bupp et al. 2007). Strikingly, deletion of the Mps3 N-terminal acidic domain eliminates 
the DSB-induced changes in chromatin interaction frequencies detected by 3C (Figuure 
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3-3), as well as the localization of DSBs to the nuclear periphery (Fig. 3-1 & 3-2).  The 
efficiency of DSB formation and recruitment of Rad51 were not affected in mps3Δ75-150 
mutants, suggesting that these changes are not simply due to delayed formation of the 
pre-synaptic filament that localizes to the nuclear periphery (Figure 3-6).   
 
 
 
 
Figure 3-4: mps3Δ75-150 mutants are sensitive to DNA damaging agents. Serial 10-fold 
dilutions of wild-type, mps3Δ75-150, rad52Δ and mps3Δ75-150 rad52Δ cells were spotted onto 
YPD plates or YPD plates containing 1 unit/ml bleomycin, 100 mM hydroxyurea or 0.01% 
methylmethanesulfonate. To test for UV sensitivity, cells were exposed to a dose of 5J/m2 at 254 
nm. Plates were incubated in the dark for 2 d at 30 degrees. 
 
Instead, chromatin immmunoprecipitation (ChIP) analyses indicate that DSB 
formation leads to the recruitment of Mps3 to adjacent chromatin in a manner that 
depends on the Mps3 N-terminus as well as Rad51 (Figure 3-5), consistent with re-
localization of the DSB region to the nuclear periphery. Mps3 recruitment was detected at 
the DSB by 1 hour after galactose addition, which is similar to the kinetics of peripheral 
localization detected by live cell imaging.  However, crosslinking of Mps3 to DSB 
chromatin was much higher at 2 hours, even though the peripheral localization detected 
by live cell imaging was beginning to decrease at this later timepoint. A likely 
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explanation is that the DSBs that remain at the nuclear periphery at later timepoints 
continue to recruit additional Mps3 protein, leading to an enhanced ChIP signal. 
Consistent with this view, the DSB region was observed at the nuclear periphery even 4 
hours after galactose addition in a significant fraction of cells (Figure 3-1A, E). Taken 
together, the combination of 3C, live cell imaging, and ChIP assays indicate that a HO-
induced DSB is recruited to the nuclear periphery by interactions with the nuclear 
envelope protein Mps3.  
 
Localization of repairable DSBs to the nuclear periphery 
One possibility is that only a DSB that cannot be repaired is sequestered to the 
nuclear periphery (e.g. in strains that lack a homologous donor).  To test this idea, we 
used ChIP to monitor recruitment of Mps3 to a DSB that is induced in yeast strains that 
harbor a homologous donor sequence either at HML on the same chromosome (a 
“switching” strain, JKM154) or at an ectopic location on chromosome V (an ectopic 
donor strain, yJK17).  Consistent with previous live cell imaging (Bystricky et al. 2008; 
Nagai et al. 2008), Mps3 was not recruited to the DSB when the donor was present on the 
same chromosome (Figure 3-5A, ‘switching strain’). However, Mps3 was recruited to the 
DSB when the donor was located at the ectopic location (Figure 3-5B). In the latter case, 
the kinetics and magnitude of Mps3 recruitment were similar to that observed for 
recruitment to the un-repairable DSB in the donorless strain (Figure 3-5B). To confirm 
that Mps3 recruitment in the ectopic donor strain reflects localization to the nuclear 
periphery, we introduced a LacOR adjacent to either the HO recognition site on 
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chromosome III or adjacent to the Mata-inc donor sequence on chromosome V and 
analyzed chromosome position within the nucleus by live cell imaging (Figure 3-5D). 
Consistent with the ChIP results, formation of the DSB led to the Mps3-dependent re-
localization of the LacOR adjacent to MAT on chromosome III to the nuclear periphery.  
Surprisingly, the LacOR adjacent to the donor sequence on chromosome V also re-
localized to the nuclear periphery, but with delayed kinetics compared to the DSB (Figure 
3-5D).  These results indicate that even DSBs that are actively undergoing 
recombinational repair can be re-localized to the nuclear periphery, and furthermore the 
data indicate that completion of the homology search step of homologous recombination 
occurs either during or after this re-localization.  This result is quite surprising given that 
peripheral localization of the DSB leads to a general decrease in 3C interaction 
frequencies. 
To further test whether Mps3 recruitment is a hallmark of un-repaired or slowly 
repaired DSBs, an HO-induced DSB was created in strains that contain two defective 
copies of the LEU2 gene that are separated by either 5 kb or 30 kb of intervening DNA 
(Vaze et al. 2002) (Figure 3-5C, schematic). In these strains, the DSB within one copy of 
LEU2 is repaired by a single strand annealing (SSA) pathway of HR in which resection 
of the intervening DNA uncovers homology within the second copy of LEU2. The rate of 
resection determines the kinetics of DSB repair, with successful repair of the 5 kb 
reporter occurring within 1-2 hours and repair of the 30 kb reporter requiring >5 hours.  
Interestingly, Mps3 was not recruited to the DSB region of the rapidly repaired, 5 kb SSA 
reporter, whereas robust recruitment of Mps3 was detected with the slowly repaired, 30 
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kb SSA reporter (Figure 3-5C).  These data indicate that DSBs that are un-repairable or 
slowly repaired are competent for re-localization to the nuclear periphery, and 
consequently are bound by Mps3.  
To test whether the MPS3-dependent localization of a DSB has functional consequences 
for repair, we monitored an early step of HR, strand invasion and extension, in mps3Δ75-
150 strains that contained a donor at HMLα (switching strain) or at the ectopic location 
on chromosome V (see schematic Figure 3-7A). When repair used the donor at HMLα, 
deletion of the Mps3 N-terminus had no significant effect on the rate of strand 
invasion/extension (Figure 3-7A) or on the overall efficiency of repair (data not shown).  
These results are consistent with the fact that this DSB does not re-localize to the 
periphery as assayed by Mps3 recruitment (Figure 3-6A) and live cell imaging (Bystricky 
et al. 2008; Nagai et al. 2008). However, when the donor locus was present at the ectopic 
location, deletion of the Mps3 N-terminal domain enhanced the rate of strand 
invasion/extension (Figure 3-7B).  Whereas, detection of significant levels of strand 
invasion/extension product required at least 4 hours in the wildtype strain, we 
consistently observe high levels of product by 2-3 hours (Figure 3-7B). This result 
suggests that localization of a DSB to the nuclear periphery inhibits the rate of 
recombinational repair.  
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Figure 3-5. Mps3 interacts with chromatin surrounding a DSB. (A) ChIP analysis of Mps3 
was conducted in MPS3-13Myc, mps3Δ75-150-13Myc and rad51Δ MPS3-13Myc strains using 
polyclonal anti-myc antiserum (9E10, SantaCruz). DSBs were induced in these derivatives of the 
MATα donorless strain (CY915) as well as the isogenic MATa ‘switching’ strain (CY924) and 
samples were collected before and 1 and 2 hours after induction of a DSB. Immunoprecipitated 
(IP) DNAs were amplified by real-time PCR using primer pairs for regions either 1 kb or 10 kb 
distal to the HO recognition site. The %IP (IP/Input) values were normalized to the % IP for the 
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control ACT1 ORF. To compare between each of the two independent experiments shown, the 
%IP values were normalized to the time zero samples to yield the fold IP values plotted on the y-
axis. Primers used for ChIP analysis in this and subsequent figures are represented in the 
schematics accompanying each panel. The ‘alpha’ represents a primer set ~.5kb to the left of the 
DSB (in the Yalpha region) and MAT 1.0, 2.5, 10.0 represent primers 1.0, 2.5 and 10.0 kb from the 
DSB. Primer sequences are available upon request. (B) Mps3 is recruited to a DSB in the 
presence of a donor. ChIP analysis was carried out as above for Mps3 in the Ectopic Donor strain 
(yJK17).  yJK17 contains an HO recognition site at MATα on chromosome III, deletions of HML 
and HMR, and an incleavable MATa-inc locus integrated at arg5,6 on chromosome V which can 
act as a donor. For ChIP detection, we used amplicons in the unique Yalpha region next to the DSB 
and a region 2.5kb from MAT which are not common with the donor. Primer sequences are 
available upon request. (C)  Mps3 is recruited to a DSB at a location other than MAT. DSB was 
induced in the single-strand annealing strains YMV2 and YMV45 where the HO-cs is present 
within the LEU2 gene on chromosome III. The DSB is repaired by single-strand annealing after 
about 30kb and 5kb of resection respectively. Unique primers were designed next to the DSB 
and ChIP was carried out and analyzed as above. All ChIPs plotted on the same panel were 
always carried out simultaneously. Error bars represent one standard error of the mean for 3 
independent experiments. 
 
 
 
Figure 3-6: Rad51 recruitment at the DSB is unaffected by the mps3Δ75-150 allele. Cells 
were collected prior to and 1 hour after galactose addition, cross-linked with 1% formaldehyde, 
and processed for chromatin immunoprecipitation. ChIP was carried out using Rad51 antibodies 
(Sant Cruz Biochem.), and immunoprecipitated DNAs were analyzed by real-time PCR, using 
primers that amplify a region 0.7kb distal to the DSB and 2.5 kb distal to the DSB. The %IP for 
the MAT amplicons (IP/Input) were normalized to the %IP for the ACT1 ORF, yielding the 
relative IP value that is plotted on the y-axis. Similar ChIPs were also carried out in yJK17 
(Ectopic Donor) and YMV2 (SSA) strains with similar results (data not shown). 
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Figure 3-7. The N-terminal region of Mps3 impairs ectopic recombination. (A) Mps3 does 
not influence the rate of recombinational repair between a DSB at MAT and HMLα. Cells 
(JKM154) were grown in raffinose to OD 0.5, a DSB was induced at MAT by addition of 2% 
galactose for 1 hour (t=0), and then HO expression was repressed by addition of 2% glucose 
(t=1). Strand invasion and subsequent extension of the joint at HMLα was monitored at each 
timepoint after glucose addition by real-time PCR analysis with the DNA primers P2 and P3 that 
are depicted in the schematic. Values were normalized to the ACT1 ORF. Fraction strand-
invasion value was calculated using the level of the P1-P2 amplicon prior to DSB induction as a 
value of 1.0.  (B) Mps3 inhibits the rate of recombinational repair between a DSB at MAT and an 
ectopic donor.  A DSB at MAT was induced in the Ectopic Donor bearing strain yJK17 and strand 
invasion was monitored by PCR using primers P1 and P4. Primer P4 is located in a region of 
heterology outside the MAT locus, and due to the large size of the amplicon, PCR with 
radioactive nucleotides had to be used (bottom panel). Products were quantified by 
phosphorimager analysis using ImageQuant ver1.3 for Mac and values were normalized to the 
levels of ACT1 ORF determined by real-time PCR analysis. Fraction strand invasion was 
calculated as in panel (A). The experiment shown is representative of 4 independent experiments. 
In all experiments, DSB formation was equivalent between wildtype and mps3Δ75-150 strains. 
  
 
Role of the telomerase machinery in DSB re-localization 
 Why are un-repairable or slowly repaired DSBs localized to the nuclear 
periphery? We considered the possibility that peripheral localization might reflect the 
activation of an alternative pathway for DSB repair. Specifically, we investigated 
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whether peripheral localization is linked to de novo telomere formation, especially in 
light of the fact that previous studies have demonstrated that the Mps3 N-terminal 
domain is required for efficient tethering of telomeres to the nuclear periphery (Bupp et 
al. 2007) and that Mps3 interacts with at least one component of the telomerase complex 
(Antoniacci et al. 2007). To test whether components of the telomerase machinery are 
recruited to HO-induced DSBs, we monitored recruitment of Cdc13 and the telomerase 
catalytic subunit, Est2p, by chromatin immunoprecipitation.  We find robust recruitment 
of both Cdc13 and Est2p to an un-repairable HO-induced DSB with kinetics that parallel 
the recruitment of Mps3 (Figure 3-8A, D; compare to Figure 3-5A and Figure 3-9B). In 
addition, Cdc13 was recruited to the slowly repaired DSBs within the ectopic donor or 30 
kb SSA reporter strains, but much less Cdc13 was recruited to the DSB at the rapidly 
repaired 5 kb SSA reporter (Figure 3-8B, C), similar to Mps3.  
Furthermore, we find that Cdc13 recruitment to the DSB requires the Mre11p 
processing enzyme, and it is largely RAD51-dependent (Figure 3-9A).  Strikingly, 
recruitment of Mps3 to an un-repairable DSB was substantially decreased in a cdc13-1 
mutant (Figure 3-9B), but recruitment of Cdc13 was not disrupted in the mps375-150 
mutant (Figure 3-9C). These data are consistent with a model in which loading of the 
telomerase machinery onto an un-repairable or slowly repaired DSB plays a major role in 
recruiting the DSB to the nuclear periphery.   
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Figure 3-8. The telomerase machinery is recruited to an unrepaired or slowly repaired DSB. 
(A) Cdc13 is recruited to a DSB in the donorless strain. ChIP analysis of Cdc13 recruitment was 
conducted in a ‘donorless’ CDC13-13Myc strain as described in Fig. 4. (B),(C) Cdc13 is recruited 
to a DSB which is slowly repaired. Cdc13-myc recruitment was studied in the strain with the 
Ectopic Donor, yJK17 (B) and in the SSA strain, YMV2 (C) in a manner similar to (A). (D) 
Telomerase is recruited to a DSB. ChIPs for Est2p-13Myc show that it is recruited to the DSB 
locus in a donorless cell with kinetics which mirror those of Cdc13. All ChIPs plotted on the 
same panel were always carried out simultaneously. Error bars represent one standard error of the 
mean for at least three independent experiments. 
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Figure 3-9: Recruitment of Mps3 to a DSB requires Cdc13 (A) Recruitment of Cdc13 requires 
Rad51 and Mre11p. ChIPs for Cdc13-13myc were carried out in isogenic donorless rad51Δ and 
mre11Δ strains. DSB induction was shown to be equivalent by real-time PCR analysis of DNA 
extracted in parallel at each time-point (data not shown). (B) Optimal recruitment of Mps3 to a 
DSB is dependent on Cdc13. ChIP was carried out for Mps3-13myc in a cdc13-1 strain which 
carries a ts allele of CDC13. Cells were maintained at 22oC throughout their lifetime. ChIP 
experiments were carried out by inducing a DSB 1 hour after shifting cells to 37 degree in a water 
bath. Equal DSB induction was confirmed by real-time PCR. (C) Cdc13 recruitment to a DSB is 
not dependent on the recruitment of the DSB to the periphery. CDC13-13Myc ChIP was 
carried out in a donorless strain lacking the N-terminal region of Mps3. All ChIPs plotted on 
the same panel were always carried out simultaneously. Error bars represent one standard error of 
the mean for at least three independent experiments.  
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Mps3 promotes spontaneous gross chromosomal rearrangements 
One key question is whether Mps3 also plays a role in the peripheral localization 
and repair of spontaneous DSBs.  In particular, we tested whether Mps3 regulates the 
occurrence of GCR events. In wildtype yeast, spontaneous GCRs occur at a very low 
frequency (<3.5 x 10-10) (Arbel et al. 1999; Myung et al. 2001), and deletion of the N-
terminal domain of Mps3 does not yield detectable GCR events (Table 2). In contrast, 
inactivation of Slx5p or Mre11p increases GCR events ~400-500 fold (Table 2). 
Likewise, GCR events are increased 750-fold in a pif1-m2 mutant that abrogates negative 
regulation of telomerase activity by the Pif1p helicase (Table 2). In this case, nearly 
100% of the GCR events are due to de novo telomere additions (Myung et al. 2001). 
Strikingly, deletion of the N-terminal domain of Mps3 eliminates GCR events due to 
inactivation of Slx5p and decreases GCR events in the pif1-m2 mutant by nearly 200-fold 
(Table 2). In contrast, enhanced GCRs due to inactivation of Mre11p are not significantly 
decreased by mps3Δ75-150 (Table 2). Thus, the N-terminal domain of Mps3 is not 
generally required for high rates of GCR, but our data suggest that Mps3 is in the same 
pathway(s) as Slx5p and Pif1p. Furthermore, these data suggest that Mps3-dependent 
tethering of spontaneous DSBs to the nuclear periphery is required for GCR events in the 
absence of Slx5p, and that peripheral localization is required for efficient de novo 
telomere formation in the absence of Pif1p.  
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Table 3-2. GCR Assays 
Relevant Genotype Spontaneous GCR Rate  Spontaneous GCR Rate (published) 
Wild-type n.d.* 3.5 X 10-10 (1)a
mps3Δ75-150 n.d.*  - 
pif1-m2 2.62 X 10-7 (749) 8.3 X 10-8 (237)b
pif1-m2 mps3Δ75-150 1.53 X 10-9 (4) - 
slx5Δ 1.77 X 10-7 (505) 1.4 X 10-7 c
slx5Δ mps3Δ75-150 2.25 X 10-10 (0.7) - 
mre11  1.44 X 10-7 (411) 2.2 X 10-7 (628)b 
mre11 mps3Δ75-150 1.29 X 10-7 (368) - 
a (Chen and Kolodner 1999), b (Myung et al. 2001), c (Nagai et al. 2008) * None detected. 
The numbers in parentheses refer to the fold increase in GCR rates over wild-type. 
 
 
 
Discussion 
 
 Here we used chromosome conformation capture (3C) to monitor the frequency 
of intra-chromosomal interactions before and after formation of a single, site-specific 
DSB within a yeast chromosome.  Surprisingly, we found that an unprocessed DSB 
within G1 arrested cells did not alter 3C interactions, suggesting that a single DSB is not 
sufficient to alter large-scale chromosome dynamics. In contrast, 3C interactions were 
significantly decreased when a DSB was processed for homologous recombination in 
asynchronous cells.  Decreased 3C interactions required the nuclear envelope protein 
Mps3, and they correlated with binding of Mps3 to DSB chromatin and re-localization of 
the DSB to the nuclear periphery.  Furthermore, we found that efficient recruitment of 
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Mps3 to a DSB required Cdc13, a factor that regulates recruitment of the telomerase 
machinery to DSBs. Our data suggests a model in which the recruitment of the 
telomerase machinery to a DSB leads to its re-localization to the nuclear periphery by 
direct interactions between Mps3 and components of the telomerase complex.  Given our 
finding that peripheral localization of a DSB inhibits the rate of homologous 
recombination and stimulates GCR events, the nuclear periphery may represent an 
environment where multiple, alternative repair pathways can compete for repair of a 
DSB.  
 The 3C method probes the frequency with which two chromosomal regions 
interact, and when applied along the length of a chromosome, it can provide a 
measurement of conformational flexibility. Typically, the strength of 3C interactions 
along a chromosome is proportional to the distance between the probed chromatin 
fragments. In contrast, here we find that localization of a DSB to the nuclear periphery 
decreases interaction frequencies between chromatin fragments that surround a DSB and 
all other chromatin fragments tested. Surprisingly, these changes in 3C interactions do 
not seem to preclude the ability of donor sequences to capture homology, as our live cell 
imaging results indicate that a donor sequence located on chromosome V is able to find 
the homologous sequences on chromosome III, even when these chromatin fragments are 
localized to the nuclear periphery.  Our results are consistent with recent work showing 
that the general interaction frequencies at telomeres, which are also localized to the 
periphery, are lower than that of non-telomeric loci (Miele et al. 2009). 
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Figure 3-10: nup84Δ and nup133Δ mutants do not affect 3C interactions at a DSB. 
nup84Δ and nup133Δ strains were constructed with one-step PCR based gene disruption from 
CY915. The 3C interactions were determined between the DSB-bearing fragment and the 
surrounding regions as described in Fig. 2-3. 
 
 
Role of Mps3 in DSB re-localization 
Mps3 is the yeast member of the conserved SUN family of inner nuclear envelope 
proteins (Jaspersen et al. 2006). Although these proteins have divergent N-terminal 
domains,multiple family members from yeast to humans bind to telomeres during meiosis 
and many play critical roles in meiotic recombination (de La Roche Saint-Andre 2008). 
Indeed, it has been proposed in mammalian cells that SUN family proteins Sun1p and 
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Sun2p may act to couple the nuclear matrix to the cytoplasm (Crisp et al. 2006; Haque et 
al. 2006; Ding et al. 2007). Together with the data we have presented, we anticipate that 
other SUN proteins will also play a role in mitotic growth in recruitment and repair of 
DSBs based on their ability to sequester proteins or regions of the genome at the nuclear 
periphery following DNA damage. A previous study indicated that the Nup84 nuclear 
pore subcomplex is involved in tethering yeast telomeres to the nuclear membrane and in 
the repair of DSBs located close to chromosome ends (Therizols et al. 2006). 
Additionally, the yeast Nup84 complex interacts with Slx5p/Slx8p, a SUMO-dependent 
ubiquitin ligase, and both the Nup84 and Slx5p/Slx8p complexes are recruited to an un-
repaired DSB (Nagai et al. 2008). However, we find that loss of the Nup84p or Nup133p 
components of the Nup84 subcomplex do not substantially alter DSB-induced changes in 
chromosome interaction frequencies that are detected by 3C (Figure 3-10), nor do these 
mutations alter repair of DSBs that are located distal from the telomere (Therizols et al. 
2006). Thus, recruitment of DSBs to the nuclear periphery via SUN family members may 
represent a more general mechanism for compartmentalization of a DSB at the nuclear 
periphery.  
 
Role of the telomerase machinery in DSB re-localization 
How does Mps3 promote re-localization of a DSB to the nuclear periphery? The 
simplest model posits that the N-terminal domain of Mps3 directly interacts with one or 
more proteins that are bound to a processed DSB.  We have been unable to detect a 
physical interaction between Mps3 and a Rad51 nucleoprotein filament in vitro (P.O. and 
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C.L.P., unpublished), and Mps3 does not interact with Rad52p as assayed by a co-
immunoprecipitation assay from cell extracts (S.L.J., unpublished).  Previous two-hybrid 
studies have shown that Mps3 interacts with the conserved acetyltransferase 
Eco1p/Ctf7p, which is required for establishment of chromosome cohesion, and Est1p, a 
component of the telomerase machinery (Antoniacci et al. 2004; Antoniacci et al. 2007). 
Mps3 does play a role in chromosome cohesion, and there may be a role for Eco1p in 
cohesion establishment as well as DSB repair (Unal et al. 2007; Ben-Shahar et al. 2008). 
However, given our result that Cdc13 is required for optimal recruitment of Mps3 to a 
DSB, we favor a model in which components of the telomerase machinery directs the 
DSB to Mps3 at the periphery. Given that Mps3 binds to telomere proteins during 
meiosis, this is a particularly attractive possibility (Conrad et al. 2007). This model is also 
consistent with recent results demonstrating that a LexA-Est2p fusion protein can recruit 
a chromosomal locus to Mps3 at the nuclear periphery (Schober et al. 2009).  
Examination of spontaneous Rad52p foci suggests that most HR occurs within the 
nuclear lumen (Lisby et al. 2003). Likewise, we and others (Figure 3-6A; Nagai et al. 
2008; Bystricky et al., 2008) have found that DSBs that are rapidly repaired by either HR 
or SSA were not sequestered to the periphery. One possibility is that the periphery 
represents a “disposal” compartment for DSBs that cannot be repaired. Indeed, both our 
data shown here, as well as a previous study demonstrate that a persistent, un-repairable 
DSB is localized to the nuclear periphery (Nagai et al. 2008).  In this latter case, an un-
repairable DSB at the MAT locus appeared to co-localize with nuclear pores, and 
components of the Nup84 subcomplex could be formaldehyde crosslinked to chromatin 
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surrounding a DSB.  However, it is not clear if the Nup84 subcomplex is required for 
peripheral localization of a DSB or whether the DSB simply interacts with several 
components of the nuclear periphery. Based on these studies, there may exist several 
pathways for recruitment of DSBs to the periphery (e.g. nuclear pores or Mps3), or 
alternatively, that DSBs are first localized to the periphery via Mps3, and that they then 
interact with the nuclear pores. 
We did find two cases where repairable DSBs were also localized to the nuclear 
periphery. In one case, a DSB was repaired by HR using a donor located on a different 
chromosome, and in the other case a DSB was repaired by SSA when two defective 
copies of LEU2 were separated by 30 kb.  In both cases, the repair event occurred with 
very slow kinetics, and consequently the DNA damage checkpoint was activated (Vaze et 
al. 2002; Fillingham et al. 2006). One possibility is that checkpoint signaling is required 
for the recruitment of a slowly repaired DSB to the nuclear periphery. This would be 
consistent with a recent report showing that the Mec1p and Tel1p checkpoint kinases 
(orthologs of mammalian ATM and ATR, respectively) are required for re-localization of 
an un-repairable DSB to the nuclear periphery (Nagai et al. 2008). A likely target for 
checkpoint signaling would be one or more components of the telomerase machinery; 
indeed, previous studies have suggested that checkpoint kinases may influence 
telomerase recruitment by Cdc13. Cdc13 is phosphorylated in vitro by the Tel1 and Mec1 
checkpoint kinases on several serine residues, two of which are required for telomere 
maintenance in vivo (Tseng et al. 2006). Interestingly, both amino acids are contained 
within a small domain of the protein responsible for telomerase recruitment (Pennock et 
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al. 2001; Bianchi et al. 2004). It is thus tempting to speculate that persistent activation of 
the DNA damage checkpoint regulates both telomere addition and DSB relocalization 
through Cdc13 phosphorylation. A requirement for persistent checkpoint activation may 
provide an explanation for why a previous study did not observe peripheral localization 
of a DSB that was repaired from an ectopic donor (Nagai et al. 2008). 
 At natural telomeric ends, long tracts of single stranded TG1-3 repeats provide high 
affinity binding sites for Cdc13 which can recruit the telomerase machinery by direct 
interactions with the Est1p subunit. We were surprised to find robust recruitment of 
Cdc13 to an HO-induced DSB at the MAT locus, since this region lacks extensive TG 
repeats and has no putative telomere seed sequences (Mangahas et al. 2001).  Cdc13 does 
have a relatively high affinity for non-TG ssDNA, much like the single stranded DNA 
binding protein, RPA (Hughes et al. 2000; Lin et al. 2001).  Indeed, Cdc13 and RPA may 
compete for binding to ssDNA at an HO-induced DSB. We propose that this competition 
may be influenced by formation of the Rad51 filament, given that RAD51 is required for 
optimal recruitment of Cdc13 to an HO-induced DSB. The RAD51 dependence of Cdc13 
binding provides a molecular explanation for the RAD51-dependence of DSB re-
localization to the nuclear periphery. Alternatively, mammalian Rad51 interacts with the 
nuclear matrix, and this interaction may contribute to DSB localization (Mladenov et al. 
2006). 
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Functional connections among Mps3, Slx5p, and Pif1p in spontaneous GCRs 
  Repair of chromosomal DNA double-strand breaks is essential for cell survival 
and genome stability. Consequently, cells have devised numerous mechanisms to heal 
this type of chromosomal damage.  HR and NHEJ are the most prevalent repair 
mechanisms as they provide the best opportunities for error-free repair.  However, if 
these two pathways are inactive or operate too slowly, alternative pathways may also be 
activated that promote chromosome healing. Our results suggest that slowly repaired 
DSBs are recognized by components of the telomerase machinery which recruit these 
DSBs to the nuclear periphery. We propose that the nuclear periphery provides an 
environment that is permissive for de novo telomere additions as well as other alternative 
repair pathways that may result in GCRs.  Indeed, our results suggest that the N-terminal 
domain of Mps3 greatly stimulates de novo telomere additions that occur at spontaneous 
DSBs in a pif1-m2 mutant. Our data are also consistent with a key role for Slx5p/Slx8p in 
preventing GCR events that occur at the nuclear periphery, as deletion of the Mps3 N-
terminal domain eliminates GCR events due to inactivation of Slx5p.  
 How the Slx5p/Slx8p SUMO-dependent ubiquitin ligase prevents GCR events is 
not clear. It is likely that sumoylation plays a role in the removal of the replication 
machinery from collapsed forks. Sumolyation of the replication factor PCNA facilitates 
the loading of trans-lesion polymerases at collapsed forks and recruits the anti-
recombinogenic factor Srs2p (Pfander et al. 2005; Moldovan et al. 2007). In the absence 
of PCNA sumolyation, DSB generation and telomere addition may become more 
common events. Given our genetic interactions between MPS3, PIF1, and SLX5, it is also 
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possible that the Slx5p/Slx8p machinery directly antagonizes GCRs by blocking the 
action of telomerase at DSBs.  Since Mps3 is required for much if not all of the GCR 
events that occur in the absence of Slx5p or Pif1p, our data suggests that localization of 
DSBs to the nuclear periphery may promote chromosome healing at the expense of 
increased genomic instability. 
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Materials and Methods 
Strain Construction: 
All strains are based on the JKM series (Moore and Haber 1996), and strains used are 
isogenic to strain JKM179 (CY915) that has the relevant genotype of MATα Δho 
Δhml::ADE1 Δhmr::ADE1 ade1-110 leu2,3-112 lys5 trp1::hisG ura3-52 
ade3::GAL10:HO. The “switching” strain (CY924) is based on JKM154, which is 
isogenic to JKM179, except that it is MATa HMLα HMRa. Strain CY1276 is isogenic to 
CY915, except that it is MATa.  Strain CY1392 (yJK17) has the relevant genotype of 
MATα hmlΔ hmrΔ arg5,6::MATainc ade3::GAL-HO.  CY1442 was generated by the 
introduction of the HO endonuclease recognition site on chromosome V as follows. The 
36 bp HO-cs recognition site (Sugawara and Haber 2006) was cloned into the KpnI-XhoI 
fragment of pRS406. The plasmid was linearized with Pst1 and integrated at the URA3 
locus on chromosome V. The mps3Δ75-150 and MPS3-13Myc alleles were introduced by 
one-step replacement of MPS3 using PCR. The r\ad51Δ, rad52Δ, rad54Δ, and rad55Δ 
strains were made in CY915 by one-step gene deletion by PCR. The SSA strains used in 
the study were YMV45 which has 5kb of DNA between two defective LEU2 repeats and 
YMV2 which is isogenic except that it has 30kb of intervening DNA (Vaze et al. 2002). 
 Strains to visualize the DSB at MAT are derivatives of CY915 and were made by 
one-step PCR-mediated gene replacement of NUP49 with NUP49-GFP-NATMX 
followed by integration of a GFP-LACI fusion construct into the URA3 locus (Kaye et al. 
2004). Next, a 662 bp fragment containing ARS313 was cloned into the XhoI-SacI sites 
of AFS52 (Hediger et al. 2002b)  to create pSJ728. Following digestion with StyI, 
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integration of ~256 LacOR and TRP1 into the ARS313 locus was verified by Southern 
blotting and the resulting strain designated SLJ2698 (MATα hmlΔ::ADE1 hmrΔ::ADE1 
ade1-110 leu2-3,112 trp1::hisG ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-
NATMX ARS313::LACOR-TRP1 ade3::GAL-HO lys5). Versions of this strain containing 
Mps3Δ::mps3Δ75-150-HYGMX (SLJ2699), rad52Δ::KANMX (SLJ2749) and 
rad54Δ::KANMX (SLJ2750) were created by replacement or disruption of the 
endogenous gene by PCR. To visualize DSBs on chromosome VII, NUP49-GFP-NATMX 
was introduced into yJK38.2 (Kaye et al. 2004)  to create SLJ2744 (MatΔ hmrΔ hmlΔ 
nup49Δ::NUP49-GFP-NATMX can1 lys5 ade2 ade3::GALHO trp1 his3 ura3 leu2 
armVII::TRP-HOcs ura3::CUP1-LACI-GFP-URA3 lys5::LACOR-LYS5). SLJ2745 was 
derived by one-step gene replacement and contains Mps3Δ::mps3Δ75-150-HYGMX; it 
displays a partial increase-in-ploidy. To visualize the position of MATa-inc, which is 
integrated at ARG5,6 on chromosome V, a 700 bp fragment containing the intergenic 
region of YER066W was cloned into the XhoI-SacI sites of AFS52 (Hediger et al. 
2002b)  to create pSJ776. Following digestion with NcoI, this plasmid was integrated into 
versions of CY915 or CY1392 containing NUP49-GFP and GFP-LacI to create SLJ2826 
(MATα hmlΔ::ADE1 hmrΔ::ADE1 ade1-110 leu2-3,112 trp1::hisG ura3::CUP1-GFP-
LACI-URA3 nup49Δ::NUP49-GFP-NATMX YER066Wi::LACOR-TRP1 ade3::GAL-HO 
lys5) and SLJ2821 (MATα hmlΔ::ADE1 hmrΔ::ADE1 ade1-110 leu2-3,112 trp1::hisG 
ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-NATMX YER066Wi::LACOR-
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TRP1 arg5,6::MATa-inc-HYGMX ade3::GAL-HO lys5).  Mps3Δ::mps3Δ75-150-KANMX 
(SLJ2823) was created by PCR-mediated gene replacement in SLJ2821. 
 
DSB Induction:  
A single DNA DSB was generated by adding 2% galactose to mid-log phase cells 
growing in YEP with 2% raffinose to induce expression of the HO endonuclease. Cells 
were collected at various time points after DSB induction and analyzed by 3C, Southern 
blotting, ChIP, PCR, or microscopy. 
 
3C template generation: 
 3C template was generated from log-phase yeast cells as previously published 
(Dekker et al. 2002) . Briefly, cells at an OD600 of 0.5 – 1.0 were cross-linked with 1% 
formaldehyde in YEP media to ensure immediate capture of any dynamic events. Cross-
linked cells were re-suspended in EcoRI restriction enzyme buffer (Buffer #2, New 
England Biolabs) and flash-frozen in liquid nitrogen. These cells were then ground while 
still in liquid nitrogen using a porcelain mortar and pestle that was kept cold on dry ice. 
The cells were checked microscopically for ~70% breakage before collecting the lysate. 
The OD600 of the lysate was adjusted to 10.0 with more buffer to ensure equal DNA in all 
samples. The lysate was then taken through the 3C procedure. Control template was 
generated from CY915 using non-cross-linked cells as previously published (Dekker et 
al. 2002) and used at equal concentrations throughout the study. 
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3C interaction mapping: 
 Specific primers were designed for the 3’ end of each EcoRI restriction fragment 
tested (primer sequences available on request). The linear range for PCR, ethidium 
bromide staining, and quantification was determined by titration of each 3C template 
with two or more primers (~20-40 kb away) over a large range of concentrations. A 
concentration at the lower end of this range was then used in all subsequent experiments 
with the same template to ensure that all quantifications were carried out within the linear 
range of the assay. PCR products were electrophoresed on 1.5% ethidium bromide 
stained gels and quantified using LabWorks ver4.5 software (UVP LLC, Upland, CA). 
PCRs with the control template were performed in parallel with the 3C template 
reactions, and products were electrophoresed on the same gel. After quantitation, the 
interaction frequency for each fragment was normalized to the control (non-crosslinked) 
template interactions for the very same primers to control for amplification efficiency of 
each primer pair. In addition, the peak of interactions for the templates without DSB 
induction was set to 1 and all the other interactions were normalized accordingly. The 
experiment in Fig. 1C was also repeated using SybrGreen based q-PCR (Applied 
Biosystems) and a set of redesigned primers with similar results (data not shown).  
 
Southern Blotting:  
 Total genomic DNA prepared by glass bead lysis (Wolner and Peterson 2005) 
was loaded onto 1% agarose gels and electrophoresed for 3 hours at 120V before 
capillary transfer to a Nylon membrane (Stratagene). Probes were made by PCR 
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amplification of the region of interest and labeled by random primer labeling. Denaturing 
gels were electrophoresed in 0.1N NaOH. Blots were quantified using ImageJ (NIH) and 
were normalized for loading using a probe for the ENA1 ORF. 
 
Chromatin Immunoprecipitation Assay: 
 ChIP was carried out essentially as previously described (Wolner and Peterson 
2005). Real-time SyBrGreen based PCR analysis was carried out on an ABI 7300 
machine to quantify the DNAs. Primer pairs were checked and optimized to ensure linear 
amplification. At the time of PCR Ct values and melting curves were used to ensure 
uniform and specific amplification of all samples. Care was taken to ensure all Ct values 
were in the linear range. All ChIPs were repeated at least thrice and PCRs repeated a 
similar number of times to arrive at final values. Error bars represent +/- S.E.M. of three 
or more separate experiments. All ChIPs shown on the same panel were always 
conducted simultaneously. 
 
Strand Invasion Assays: 
 In strain JKM154, strand invasion was monitored by real-time PCR of genomic 
DNA using primers P3 and P2.  Formation of an amplification product requires strand 
invasion at HMLα and extension of the joint by at least 18 nucleotides so that primer P3 
can anneal. In the strain with the ectopic donor (yJK17) the region of homology between 
MATa-inc and MATα is much larger, and consequently the first unique product of strand 
invasion and joint extension that can be detected by PCR is >2kb in size. Hence, PCR 
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with a radioactive nucleotide was used to detect formation of this product as described 
(Wolner and Peterson, 2000. While the same P1 primer was used to ensure similar 
conditions for amplification, the primer P2 was replaced with P4 which is >2kb from P3. 
Equal loading was ensured by parallel real-time PCR to detect the amplification of ACT1. 
Primers are available on request. 
 
Cytological Techniques: 
 The position of GFP spots was determined as previously described (Hediger et al. 
2002b; Bupp et al. 2007).  Briefly, a Zeiss AxioImager with a 100X Zeiss -Plan-Fluar 
objective (NA = 1.45) and a Hamamatsu Orca-ER digital camera was used to capture 19-
image stacks of 150 nm step-size through nuclei of log-phase cells at room temperature. 
The spot-to-periphery distance and the nuclear diameter were determined in a single Z-
stack image where the spot was most concentrated using Axiovision 4.6.3 (Zeiss). By 
dividing the spot-to-periphery distance by the diameter, each spot fell into one of three 
zones of equal surface. Zone 1 has a width of 0.184 x the nuclear radius (r), zone 2 has a 
width of 0.184 x r to 0.422 x r and zone 3 has a width of 0.422 x r.  At least two 
independent transformants of each genotype were analyzed in three independent 
experiments. 
 
GCR Assay: 
 GCR assays were carried out in YEPD or in YEPD with 0.1% MMS for 2 hours 
as described (Myung and Kolodner 2003; Banerjee and Myung 2004). Colonies were 
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counted on 5-FOA/canavanine plates and GCR rate determined using the method of the 
median as described by Lea and Coulson (Foster et al. 2006a; Schmidt et al. 2006). 
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Table 3-3. Strain list 
Strain  Genotype Ref. 
CY915 MATα Δho Δhml::ADE1 Δhmr::ADE1 ade1-110 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL10:HO 
JKM179 (Lee et al. 
1998) 
CY1392 MATα Δho Δhml::ADE1 Δhmr::ADE1 arg5,6::HPH::MATa-inc ade1-110 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL10:HO  
yJK17 (Keogh et al. 
2006) 
CY1276 MATa Δho Δhml::ADE1 Δhmr::ADE1 ade1-110 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL10:HO (Lee et al. 1998) 
CY924 HMLα MATa HMRa ho ade1-110 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL10:HO 
JKM154 (Lee et al. 
1998) 
CY917 CY915 rad51Δ::LEU2 (Wolner et al. 2003) 
CY919 CY915 rad52Δ::TRP1 (Wolner et al. 2003) 
CY916 CY915 rad54Δ::LEU2 (Wolner et al. 2003) 
CY1132 Δho Δhml::ADE1 mata::hisG Δhmr::ADE1 leu2::leu2(Asp718-Sal1) URA3-pBR322-HOcs ade3::GAL10:HO ade1 lys5 ura3-52 trp1 
YMV45 (Vaze et al. 
2002) 
CY1133 
Δho Δhml::ADE1 mata::hisG Δhmr::ADE1 his4::URA3-leu2 (Xho1-
Asp718) pBR322-hisG leu2::HOcs ade3::GAL10:HO ade1 lys5 
ura3-52 trp1 
YMV2(Vaze et al. 
2002) 
CY1398 CY915 nup84Δ::KanMX This study. 
CY1399 CY915 nup133 Δ::KanMX This study. 
CY1426 CY915 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1427 CY1392 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1428 CY924 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1429 CY915 ura3-52::URA3-pRS406-HOcs This study. 
CY1430 CY1429 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1431 CY915 MPS3-13myc::KanMX This study. 
CY1432 CY1426 mps3Δ75-150-13myc::KanMX This study. 
CY1433 CY924 MPS3-13myc::KanMX This study. 
CY1441 CY1392 MPS3-13myc::KanMX This study. 
CY1449 Cy915 CDC13-13myc::KanMX This study. 
CY1450 CY1392 CDC13-13myc::KanMX This study. 
CY1451 CY1449 rad51Δ::URA3 This study. 
CY1452 CY1449 mre11Δ::TRP1 This study. 
CY1453 CY915 EST2-13myc::KanMX This study. 
CY1454 CY1431 mre11Δ::TRP1 This study. 
CY1459 CY1426 CDC13-13myc::KanMX This study. 
CY1461 CY1132 CDC13-13myc::KanMX This study. 
CY1462 CY1133 CDC13-13myc::KanMX This study. 
CY1463 CY1431 cdc13-1 This study. 
CY1337 RDKY3615 (Chen and Kolodner 1999) 
CY1378 CY1337 mre11Δ::TRP1 This study. 
CY1465 CY1337 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1468 CY1378 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1471 CY1431 rad51Δ::URA3 This study. 
SLJ2698 CY915 ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-NATMX ARS313::LACOR-TRP1  This study. 
SLJ2699 SLJ2698 mps3Δ::mps3Δ75-150-HphMX This study. 
SLJ2749 SLJ2698 rad52Δ::KANMX  This study. 
SLJ2750 SLJ2698 rad54Δ::KANMX  This study. 
SLJ2744 
MatΔ hmrΔ hmlΔ nup49Δ::NUP49-GFP-NATMX can1 lys5 ade2 
ade3::GALHO trp1 his3 ura3 leu2 armVII::TRP-HOcs ura3::CUP1-
LACI-GFP-URA3 lys5::LACOR-LYS5 
This study. 
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SLJ2816 CY1392 ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-NATMX ARS313::LACOR-TRP1 This study. 
SLJ2821  CY1392 ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-NATMX YER066Wi::LACOR-TRP1 arg5,6::MATa-inc-HYGMX  This study. 
SLJ2823 SLJ2821 mps3Δ::mps3Δ75-150::KanMX  This study. 
SLJ2826 CY915 ura3::CUP1-GFP-LACI-URA3 nup49Δ::NUP49-GFP-NATMX YER066Wi::LACOR-TRP1  This study. 
CY1478 RDKY4343 (Myung et al. 2001) 
CY1482 RDKY4343 Mps3Δ::mps3Δ75-150-LEU2 This study. 
CY1485 CY1337 slx5Δ::HphMX This study. 
CY1491 CY1132 MPS3-13myc::KanMX This study. 
CY1492 CY1133 MPS3-13myc::KanMX This study. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
118 
 
 
 
 
 
CHAPTER 4 
DISCUSSION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
119 
 
 We have shown that while a DNA DSB does not induce large-scale chromosomal 
changes upon induction, it seems to get sequestered within the nucleus. On further 
exploration of the decrease in 3C interactions, we found that the DSB was sequestered at 
the nuclear periphery in a manner dependent on the recombination proteins Rad51 and 
Rad52p. Moreover, we identified the other arm of the interaction as being the inner 
nuclear membrane protein Mps3. Mps3 is a spindle pole body protein which is present 
throughout the nuclear periphery and is also important for peripheral localization of 
telomeres. Through Chromatin Immunoprecipitation experiments we show that the 
interaction of the DSB with the periphery is dependent on the recruitment of telomerase 
components to the DSB. We also show that the recruitment of telomerase to a DSB leads 
to the formation of de novo telomeres in the presence of MPS3 and this is repressed in 
yeast lacking the N-terminal portion of Mps3. 
 Mps3/Nep98p (Mono-polar spindle / Nuclear envelope protein) is a spindle pole 
body (SPB) protein which was first identified in two independent screens, one for 
mutants defective in SPB assembly (Jaspersen et al. 2002), and another for proteins 
interacting with Jem1p and required for nuclear fusion in yeast during mating (Nishikawa 
et al. 2003). Both groups identified point mutations in the central portion of the Mps3 
(later shown to be the SUN domain) during their screens but also realized that it was an 
essential protein in yeast. Mps3 is required for the formation of the half-bridge - an 
electron-dense region in the nuclear membrane that anchors the spindle-pole. However, 
the authors noticed by immunogold staining that not only was it concentrated at the SPB, 
but it was also well-spread out throughout the nuclear envelope. They went on to show 
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that it was a 79kDa integral membrane protein with a predicted inter-membrane region 
from aa residues 155-170, causing its N-terminus to poke into the nucleoplasm while the 
rest of the protein is located in the inter-membranous space of the nuclear membrane. 
Nishikawa and colleagues made truncations to determine the essential part of the protein, 
and found that only the C-terminal 100 aa residues are non-essential. Even complete 
deletions of the N-terminus which is exposed to the nucleoplasm caused decreased 
stability of the protein(also (Bupp et al. 2007). They found that the protein distribution 
was however unaltered in all of the truncation mutants as well as in the nup133 mutant 
which causes clustering of the nuclear poles and disrupts the nuclear membrane(Doye 
and Hurt 1997). 
 The Mps3 protein contains a SUN domain (Sad1-Unc84) in its inter-membrane 
region which allows it to connect the SPB with the nuclear envelope (Jaspersen et al. 
2006; Tzur et al. 2006). Like S. pombe, this is the only known SUN domain protein in S. 
cerevisiae, at least 2 exist in C. elegans and Drosoplila while mammalian cells have 4 
SUN domain proteins. All of the mammalian proteins reflect the organization of Mps3 
with their N-terminal domains in the nucleoplasm and their SUN domains in the lumen of 
the nuclear envelope. Their nuclear localization is dependent on Type A lamins and the 
SUN domain interacts with the KASH domains of huge Outer Nuclear Membrane 
proteins such as Nesprin to form bridges which anchor the nucleus to actin filaments as 
well as centrosomes in the cytoplasm (Starr and Fischer 2005). Thus, these proteins serve 
as a mechanical bridge between the cytockeletal and nucleoskeletal structures at the 
nuclear envelope (Crisp et al. 2006). This has been elegantly demonstrated in the C-
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elegans hypodermis which forms a multi-nucleated syncytium. Normally, the nuclei 
remain evenly spaced out and separated. However, mutation of UNC84 or its associated 
KASH domain protein results in untethered nuclei that move about freely in the shared 
cytoplasm until they clump together (Starr and Han 2002). 
 SUN domain proteins have also been known to play roles in nuclear organization. 
In an elegant study Chikashige et. al. showed that the Sad1 protein in S. pombe localized 
to telomeres during meiotic bouquet formation and was depleted from the SPB during 
this stage (Chikashige et al. 2006). It requires the proteins Bqt1/2 (Cse4, Ndj1 in S. 
cerevisiae) for attachment to the telomeres and ectopic expression of these proteins 
during mitosis is sufficient to recruit Sad1. Remarkably, the telomere movements during 
meiosis were shown to be a result of the dyenin motors acting on the actin filaments in 
the cytoplasm (Chikashige et al. 2007). This activity is paralled by Sun1 and Sun2 in 
mammalian cells  (Ding et al. 2007; Schmitt et al. 2007). 
 In yeast cells, where telomeres are localized in foci throughout the cell-cycle, 
Mps3 has been shown to be important not only for meiotic bouquet formation (Conrad et 
al. 2007), but plays a role in telomere anchoring to the periphery throughout the cell-
cycle (Bupp et al. 2007). Jaspersen and colleagues further show that this function is 
dependent on the Mps3 N-terminal acidic domain which interacts with Sir4 and is 
important for telomeric silencing. Moreover, they also demonstrated a role for Mps3 in 
peripheral localization of chromatin through a lexA-sir4 fusion tethering assay. While this 
function is not dependent on the SUN domain, it is analogous to the interaction of the 
telomeres with the Sad1 homologue, raising the possibility of multiple redundant partners 
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of the Mps3 N-terminus interacting during different cell-cycle stages to achieve similar 
results. 
 Other candidates for this telomere anchoring are the telomerase component Est1 
(Antoniacci et al. 2007), cohesion establishment factor Eco1/Ctf7 (Antoniacci et al. 
2004), and the histone variant H2A.Z (Uetz et al. 2000) all of which have been shown to 
interact with Mps3. Antoniacci et. al. also characterized 5 ts alleles of Mps3, two of 
which have point mutations at Serine123 in the N-terminal region. Importantly these 
alleles, especially the ones with the crucial mutation show defects in cohesion 
establishment and telomere clustering. While we show a role for Est1p in recruitment of a 
DNA DSB to the nuclear periphery, Kalocsay et. al. (see below) show a similar role for 
SUMOylated histone H2A.Z. Indeed, these may be related or alternative pathways for 
recruitment of a persistent DSB to the nuclear periphery where further processing and 
degradation of repair proteins may take place (Nagai et al. 2008). 
  In a related study, Nagai et. al. used the E-MAP (epistatic miniarray profile) data 
to epigenetically map Nuclear Pore Complex components as well as the Rad52 group of 
genes into the same group (Nagai et al. 2008;(Schuldiner et al. 2006). These were also 
previously found to be synthetically lethal with each other (Loeillet et al. 2005). Pursuing 
this angle, they showed that the Nucleoporins are recruited to a DSB and that the DSB 
when at the periphery seems to co-localize with the Nuclear Pores. However, it proved to 
be non-trivial to show that the peripheral localization was dependent on the Nups. The 
main reason for this being that deletion of either of the Nups causes aggregation of the 
NPCs (Doye and Hurt 1997; Loeillet et al. 2005). A way around that is to use an N-
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terminal deletion mutant of NUP133 which still leads to NPC aggregation without a 
DNA repair phenotype. Indeed, a spontaneously collapsed fork localized to the 
aggregated NPCs as detected by confocal imaging. However, it is unclear if the same 
phenomenon happens at a DSB, and whether indeed in the presence of HU and MMS, the 
collapsed form is not converted to a DSB. Notably, a nup120 mutant which also causes 
NPCs to cluster along with damage sensitivity, showed a decreased association of the 
DSB with the Nups by ChIP. Another significant finding was that this localization was 
dependent on checkpoint activation as evidenced by the requirement of Mec1/Tel1. This 
agrees with our findings that a break which is repaired rapidly does not localize to the 
nuclear periphery. 
  Additionally, they showed that the peripheral localization was associated with the 
recruitment of Slx5/Slx8 (SUMO targeted Ub Ligase) protein heterodimer to the DSB 
(which also localize to the same group as the Nups by EMAP, but suppress the NPC 
phenotypes). Despite the fact that the Slx proteins seem to be well distributed throughout 
the nucleus (Cook et al. 2009a), they have specific roles when the DSB is recruited to the 
periphery. In agreement with previous data, they show that Rad52 foci formation and 
Gross Chromosomal Rearrangements are increased in the nup84 and slx5/slx8 
mutants (Loeillet et al. 2005; Zhang et al. 2006). The authors argue that this seems to 
indicate a role for the periphery in funneling the DSB for specific kinds of repair. To test 
this, they tethered a region to the periphery where DSB repair by gene conversion (GC) 
can be scored using a Lys2 marker (Freedman and Jinks-Robertson 2002). Surprisingly, 
tethering of the DSB region to the periphery lead to higher GC, indicating that this 
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process is more efficient at the periphery. This is in contrast to our data with 
Interchromosomal GC being slower but equally efficient at the periphery (Figure 3-7). 
Accordingly, it may be more indicative of higher levels of damage occurring at the 
nuclear periphery, possibly as a result of fork collapse. While nup84 and slx8 also 
lead to higher GC rates by themselves, there was no additive effect of these rates when 
combined with peripheral tethering, suggesting a linear epistatic relationship. This is in 
agreement with the GCR data presented in Chapter III which shows that the lack of 
peripheral localization abolishes the requirements of Slx5/8 proteins in the cell. 
 A deeper examination of the effect of SUMOylation on DSB repair at the 
periphery is demonstrated by Palancade et al, who delocalized the essential yeast SUMO 
peptidase Ulp1 by deleting its N-terminal NPC localization domain and showed that this 
recapitulated the spontaneous Rad52 foci formation phenotype of the NPC and slx8 
mutants (Loeillet et al. 2005; Palancade et al. 2007; Palancade and Doye 2008). 
Interestingly, Ulp1 is required for both the SUMOylation as well as the de-SUMOylation 
of most substrates in yeast, making analysis of its effect on substrates very difficult (Zhao 
and Blobel 2005). The authors do show that the delocalization of Ulp1 causes a decrease 
in the amount of SUMOylated Ku70 protein and this correlates with decreased NHEJ 
efficiency. However, they are unable to rescue the NHEJ defects of the nucleoporin 
mutants and their increased recombination frequency with full-length Ulp1 
overexpression. Thus, the role of Ulp1 may be complex and rely on more than just its de-
SUMOylating function. One possibility is that the presence of damage in the ulp1N338 
mutant is a result of its delocalization which then allows it to make the SUMOylation of 
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repair proteins more efficient. Slx5/8 complex may then target these repair proteins for 
ubiquitylation and degradation, resulting in the persistence of unrepaired damage. 
 The Slx5 and Slx8 proteins were first identified in a screen for proteins synthetic 
lethal with the RecQ helicase SGS1 which also identified two other heterodimers which 
are required in the absence of SGS1 (Mullen et al. 2001). Loss of either protein or both 
proteins results in similar growth defects, nibbled colony morphology and HU sensitivity, 
but no MMS sensitivity (also(Zhang et al. 2006). These proteins were further 
characterized by the same group as well as others to show that they can bind to DNA 
(Yang et al. 2006), promote SUMOylation (Ii et al. 2007b) and function as Ubiquitin 
ligases in vitro (Ii et al. 2007a; Uzunova et al. 2007) in a manner which is enhanced by 
the presence of poly-SUMO chains or substrate SUMOylation which is bound by Slx5 
(Xie et al. 2007; Mullen and Brill 2008), leading to their classification as SUMO 
Trageted Ub Ligases (STUbLs). STUbLs are conserved proteins with homologues 
present from yeast to human cells (Sun et al. 2007). Indeed, it has been suggested the 
activity of the Slx5/8 complex in yeast may reflect that of the BRCA1-BARD1 complex 
in human cells (Mullen and Brill 2008), although further analysis has revealed a closer 
homologue in RNF4, which can substitute for the function of both proteins in yeast (Sun 
et al. 2007). 
 Meanwhile, similar conclusions were drawn from in vivo genetic studies showing 
a synthetic lethality of slx5 and slx8 strains with nearly every component of the 
SUMO pathway and a huge increase in the amount SUMOylated proteins (Wang et al. 
2006). Moreover, slx5/8 strains show increased spontaneous DNA damage in the form 
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of Rad52 foci and increased genomic instability (Zhang et al. 2006). While Rad52 has 
been shown to be SUMOylated in vivo in response to DNA damage, a non-SUMOylable 
mutant of the protein does not have a major effect on HR (Sacher et al. 2006; Ohuchi et 
al. 2008) and kinetics of Rad52 or Rad52-SUMO are unaltered in slx5/slx8 cells (Xie et 
al. 2007). Loss of SUMOylation does however affect recombination, arguing for presence 
of other SUMOyated or Slx5/8 substrates among repair proteins (Burgess et al. 2007; 
Prudden et al. 2007; Seeler et al. 2007). Thus, in all likelihood, the SUMOylated product 
responsible remains undiscovered. Possible speculative candidates include the helicases 
that play major roles in repair, recombination as well as telomere maintenance. Indeed, it 
is well known that many of these including SGS1 and RecQ are SUMOylated and Srs2 is 
recruited by PCNA SUMOylation (Pfander et al. 2005; Branzei et al. 2006; Motegi et al. 
2006; Rog et al. 2009). SUMOylation could possibly lead to altered activity of these 
helicases and result in preference of one form of repair over another at the nuclear 
periphery. 
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Figure 4-1: Model for relocalization of a persistent break to the nuclear periphery. In an 
undamaged cell, heterochromatin is concentrated at the nuclear periphery along with the presence 
of telomeres. As shown in the upper schematic, telomeres are attached to the nuclear periphery by 
interactions of the telomerase complex with MPS3 (Schober et al. 2009) (upper panel). A 
persistent DSB leads to the recruitment of Cdc13 and the telomerase complex. It may thus be 
recognized as a telomere for the sake of peripheral anchoring and is then relocalized to the MPS3 
protein at the envelope. Once at the envelope, it may then interact with the NPC and undergo 
SUMOylation as well as later Ubiquitylation reactions by the SOMO protease Ulp1 and the 
STUbLs, Slx5/8 respectively. These modifications then guide the healing and repair events of the 
DSB at the periphery leading to a preponderance of de novo telomere formation. 
 
 
 In a recent study, Burgess et. al. showed that Slx8 protein localizes to replication 
centers marked by Pol30 foci in yeast (Burgess et al. 2007). This is associated with an 
increase in the number and duration of Rad52 foci during S-phase. Thus, the Slx5/8 
complex may act to suppress damage during replication and channel damage that does 
occur into faster repair pathways. Consistent with this the Slx5/8 complex seems to play a 
modest role in Rad51-independent HR – namely SSA and BIR pathways. Indeed the 
clonal lethality of the slx5/8 mutants (a result of 2 amplification) is suppressed by 
mutations in the genes involved in HR such as Rad52, Mre11, Rad59, etc. (also(Ii et al. 
2007b). However, it is not clear if the HU sensitivity or the formation of damage foci, 
which are not caused by 2 amplification are also suppressed. In agreement with the 
previous discussion about Ulp1p, they show that slx5 or slx8 is synthetic lethal with the 
ulp1ND338 mutation and deletion of MLP1 and MLP2. With remarkable similarity in 
phenotypes, the synthetic lethality emphasizes the roles of these proteins as being closely 
related. In agreement with this hypothesis, both mutations show a dysregulation of 
SUMOylation activity with an increase or a decrease in SUMOylation levels of most 
proteins (Burgess et al. 2007; Palancade et al. 2007), in contrast to a previous report that 
showed no decrease (Wang et al. 2006). 
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 We propose that in normal cells, the Slx5/8 complex is only able to work on 
proteins present at the NPC which are SUMOylated and need to be removed from the 
DSBs that cannot be repaired in order to allow their shunting into other pathways such as 
de novo telomere formation. This agrees with our data showing that if the DSB is unable 
to be localized to the nuclear periphery through the interaction with Mps3, the 
requirement for the Slx5/8 complex is lost. Thus, the Slx5/8 complex counters the 
increased unrepaired damage produced by the action of Ulp1 at the periphery. However, 
it is not clear if this would explain the synthetic lethality between mutations in the Slx5/8 
and the N-terminal deletion of Ulp1p. Alternatively, Ulp1 and Slx5/8 may constitute 
parallel pathways for repair of DSBs at the periphery, with Slx5/8 suppressing the non-
preferred pathways of repair, such as BIR, SSA or de novo telomere formation. The 
recruitment to the periphery would be mediated by MPS3 and the DSB could then 
interact with the NPCs to allow removal of repair proteins or de novo telomere formation 
(Figure 4-1). 
 An important question is how the cell knows that the break is not repairable and 
localizes it at the periphery. We believe that this is a stochastic mechanism which is 
regulated by the different players which are loaded onto the DSB. One of these players is 
the telomerase recruitment protein Cdc13 which has a high affinity for G-rich ssDNA 
(Lin and Zakian 1996). However, it is related to ssDNA protein RPA in structure and 
function and we propose that it can bind non-TG repeat ssDNA with a lower affinity 
(Croy and Wuttke 2006; Eldridge et al. 2006). This function may be controlled by Rad51, 
which displaces RPA from the ssDNA formed at a DSB to bind itself (Sung et al. 2003). 
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However, the amount of Rad51 in the cell being limiting, may provide an opportunity for 
Cdc13 binding to the ssDNA ends. Thus, if the DSB persists long enough to allow the 
recruitment of Cdc13, it is recognized by the cell an unrepairable and is localized to the 
periphery through telomerase recruitment. 
 However, this recruitment of telomerase does not often result in the formation of a 
telomere. Indeed, the formation of de novo telomeres in yeast cells which have DSBs is 
quite low in most assays. Even when all the required conditions are fulfilled i.e. - the 
DSB has no homology to any loci within the genome in a haploid cell and has no 
essential genes distal to the break, only about .17% of the repair is accomplished by the 
addition of de novo telomeric sequences in the sub-telomeric region – corresponding to 
0.02% of the cells receiving a DSB (Ricchetti et al. 2003). Indeed, it is shown that this is 
largely independent of the presence or absence of Rad52 which seems to play a role in all 
other type of repair in the sub-telomeric region – even NHEJ. This is in agreement with 
the low frequency of telomere capture by intrachromosomal sequences in the presence of 
homology as noted earlier(Bosco and Haber 1998; Mangahas et al. 2001). However, this 
is altered in the context of TG repeats. While it was already known that plasmids carrying 
variations of TG1-3 repeats (eg. T2G4 in Tetrahymena or T4G4 from Oxytricha) could be 
extended when linearized and transformed into yeast, Kramer and Haber sought to study 
the formation of new telomeres at the site of a chromosomal DSB (Wang and Zakian 
1990; Zakian et al. 1990; Kramer and Haber 1993). For this they used an HO 
endonuclease site and placed 13 T2G4 repeats from Tetrahymena 10kb from the DSB, 
hoping this would serve as the “default” site for telomere formation if de novo telomere 
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formation could not happen anywhere closer to the break. To their surprise they found 
that while the T2G4 repeats were required for de novo telomere formation (none of the 
1300 events in a diploid without TG repeats was a result of telomere formation), telomere 
formation occurred not at the T2G4 repeats but upto 128bp away from them and could be 
seeded by as little as a single G nucleotide. They also concluded that de novo telomere 
formation was a very inefficient process with only 0.2-1.0% of the cells with a DSB and 
TG repeats 10kb from it could survive by forming a telomere. Moving the TG repeats to 
1.6kb from the DSB only increased the efficiency to 2.0%, a modest but significant 
increase. Repair by telomere formation was however, very efficient  when Diede and 
Gottschling put a tract of 81bp of TG1-3 repeats from yeast next to a DSB to act as a 
telomeric “seed” sequence and deleted Rad52, ensuring repair by de novo telomere 
formation. In this strain with ~90% of the cells which received a DSB formed colonies in 
a TLC1 dependent manner (Diede and Gottschling 1999). As a corollary, de novo 
telomere formation in spontaneously produced DSBs is even more rare and occurs at a 
rate of less than 1 in 10-10 – a rate comparable to that of GCRs in a wild-type yeast cell 
(Chen and Kolodner 1999; Pennaneach et al. 2006). 
 In another related study Kalocsay et. al. have shown that an unrepairable DSB is 
recruited to the nuclear envelope and not just nuclear pores by showing recruitment of 
three different envelope proteins, each of which is differently distributed in the nuclear 
envelope (Kalocsay et al. 2009). While they do show a dependence of peripheral 
recruitment on Rad51 and the checkpoint mediators RAD9 and RAD24, they go on to 
show that it also depends on the histone variant H2A.Z which is transiently recruited to 
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the DSB. They show that H2A.Z is required for the activation of the checkpoint and for 
optimal rates of resection and recruitment of RPA which raises the possibility that this is 
how the histone variant affects recruitment of the DSB to the periphery. Remarkably, 
they are able to find a separation of function, where the non-SUMOylable H2A.Z mutant 
does not have DNA damage sensitivity and does not affect checkpoint activation but does 
affect peripheral localization of the DSB. The authors show that H2A.Z is SUMOylated 
to a substantial amount in undamaged cells and these levels do not change upon damage 
induction with Zeocin. Also, the non-SUMOylable H2A.Z is recruited normally to the 
DSB. It is not clear how H2A.Z recruits the DSB to the periphery and how that co-relates 
recruitment of Rad51 and its spreading over the entire chromosome which harbors the 
DSB. The authors make big points of both these findings but fail to connect them in a 
cohesive model. MPS3 has been shown to interact with H2A.Z in a high-throughput yeast 
two-hybrid screen(Uetz et al. 2000), and H2A.Z has also been implicated in re-
localization of a transcriptionally active locus to the periphery (Brickner et al. 2007), 
raising the possibility that this peripheral localization is dependent on its interaction with 
MPS3. 
 The histone variant H2A.Z has been shown among other things to mark the 
promoters of PolII transcribed genes with a pattern of two well-positioned H2A.Z 
containing nucleosomes separated by a Nucleosome Free Region (Raisner et al. 2005). It 
has also been shown to be required for proper S phase progression (Dhillon et al. 2006) 
as well as to prevent the spread of heterochromatin at genes in subtelomeric regions 
(Meneghini et al. 2003; Babiarz et al. 2006). Accordingly, the expression of most genes 
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located close to telomeres is compromised in a H2A.Z deletion mutant. It is as yet 
unclear whether acetylation of H2A.Z is required for this heterochromatin/telomere 
boundary function. While it has been shown that the non-acetylable H2A.Z affects gene 
expression as well as Sir3 recruitment in sub-telomeric regions, it is also known that Z is 
excluded from the nucleosomes up to ~50kb from the telomeres. Whether this property of 
Z plays any role in recruitment of chromatin to the nuclear periphery in transcription 
(Brickner et al. 2007) or repair (Kalocsay et al. 2009) is still unclear. 
 On the basis of the data presented in this thesis, we believe that Mps3 is the 
primary anchor for the DSB at the nuclear periphery and this is supported by findings of 
Kalocsay et. al. This function is carried out in a manner similar to its role in telomere 
anchoring by an interaction of the Mps3 protein with the telomerase complex, 
independent of the associations with Ku and Esc1(Schober et al. 2009). We reconcile our 
data with those of Nagai et. al., by showing that the requirement for Slx5/8 at the 
periphery can be suppressed by the mps3N mutation which abrogates peripheral 
localization of the DSB. We further show that repair of induced as well as spontaneous 
DSBs when localized to the periphery of the nucleus have different outcomes then when 
this localization is prevented. This argues for the upregulation of certain processes such 
as de novo telomere formation at the periphery - something that may be a direct 
consequence of the presence of silencing and telomere associated proteins in high 
concentrations at the periphery.  
 One major question which remains is the advantage to the cell in localizing a DSB 
to the periphery. We believe that while there are many explanations, the most likely one 
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is that this is a last ditch attempt by the cell to rescue a broken chromosome by attaching 
a telomere to its end. Peripheral localization offers a two-fold advantage. Firstly, the 
telomere factors are largely concentrated here – especially the limiting telomerase 
complex – and secondly, the DSB is now prevented from interacting with the rest of the 
genome as seen by 3C, thus abrogating translocations and spurious recombination. 
 There may indeed be yet undiscovered roles of the nuclear pores as well as 
histone H2A.Z SUMOylation or even the recruitment of cohesion at a DSB in peripheral 
localization. Indeed, Eco1 is a acetyltransferase which is required in S phase to lock 
cohesin rings onto chromosomes. Eco1 has been shown to interact with Mps3 both in 
vitro and in vivo (Antoniacci et al. 2004). Intriguingly, Eco1 is also responsible for the 
formation of a DSB induced cohesion domain on all chromosomes in a yeast cell and 
may have more important roles to play in nuclear architecture (Strom et al. 2007; Unal et 
al. 2007). 
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